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Preface

At a distance of only 8 kpc (26,000 light years) the Galactic Center is
the closest nucleus of a galaxy, 100 to 1000 times closer than the nearest
extragalactic systems. It is thus a unique laboratory in which physical pro-
cesses that are relevant in general for the nuclei of all similar galaxies can be
studied with the highest angular resolution possible. Research over the past
10 to 20 years has resulted in indisputable evidence for the presence of a
3-4 million solar mass Black Hole at the center of the Milky Way. In com-
bination with spectroscopic measurements in extragalactic systems these
extraordinary results suggest that there are nuclear black holes embedded
in the bulges of all massive galaxies.

Due to the proximity of the Milky Way nucleus and thanks to the most
recent instrumentation that allows observations at the diffraction limit of
large telescopes we can study not only the evidence for the central black
hole but also the detailed properties of the surrounding star cluster, such
as the presence of a stellar cusp around the black hole, its mass function,
its dynamics, and recent star formation processes.

The intention of this book is to provide the reader with a concise sum-
mary of some central aspects of the rapidly developing field of Galactic
Center research. In chapters one and two we review a selection of funda-
mental instrumental techniques and observational results that are relevant
for the Galactic Center. It covers the entire electromagnetic spectrum from
decimeter radio-waves to high energy X-rays and ~-rays. A summary of
the astrophysical interpretation is given in chapter three. Overall, we have
concentrated more on aspects that deal with the nuclear stellar cluster in
the central parsec and the compact radio source Sagittarius A* (Sgr A*;
spoken “Sagittarius A star”) at its center rather than the more extended
components and large scale phenomena. For further details the reader is
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referred to the actual scientific articles and reviews in the corresponding
sections, The reader may also consult general review articles on the topic
by, e.g. Genzel & Townes (1987), Blitz (1992); Blitz et al. (1993), Gen-
zel et al. (1994), Morris & Serabyn (1996), Mezger et al. (1996), Melia
& Falcke (2001) and to the books and conference proceedings by Hehl
et al. (1998), Falcke et al. (1999), Falcke & Hehl (2003), and Cotera et al.
(2003). We would like to refer the reader to the web page of this book at
hitp:/Swww.phl. uni-koeln. de /~gcbook/ , where he can find additional elec-
tronic material and up-to-date information. Results of Galactic Center
research are also continually published on the web site of the Galactic Cen-
ter Newsletter (GCNEWS), http://www.aoc.nrao.edu/~gcnews/ , a forum
of all scientists involved in the field.

It also has to be mentioned that this compendium cannot be complete
and is also biased. Most prominently it highlights observational techniques
and especially image processing aspects. We have also put a high weight
on a detailed presentation of the most recent work carried out in the near-
infrared wavelength regime. All of these aspects had not yet been discussed
in a unified manner in any available reference.

The book is aimed toward a number of audiences. 1t is a suitable ba-
sis for a single semester course at either the advanced undergraduate or
graduate level. In fact it is based on a course given on that topic at the
University of Cologne in summer 2003. The book has also been written
for an audience with knowledge of elementary physics and calculus, who is
interested in astrophysics and in the topic of the Galactic Center but who
is not fully acquainted with the instrumental details and the terminology
of most recent astrophysical research. Last, not least, we hope that this
book will be a useful reference for scientists currently involved in Galactic
Center research.

In general we suggest to use the book in the following way: the remain-
ing part of the preface is thought as an overall summary and should be
read first. For details the reader can then consult the chapters and sections
of his interest. A list of abbreviations, a number of useful quantities, a
bibliography comprising of more than 400 publications up to the editorial
deadline in July 2004, and maps of the Galactic Center stellar cluster “for
daily use” are included in this book.

The authors would also like to use this opportunity to thank all mem-
bers of the MPE SHARP team that conducted the observations at the
ESO NTT between 1991 and 2002. Especially we thank the ESO NTT
team and the entire ESO staff that directly or indirectly helped to conduct
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these experiments. We are also grateful to the NAOS/CONICA team from
MPIA/MPE, Meudon/Grenoble Observatories, ONERA, and ESO. In par-
ticular we are grateful to Reinhard Genzel for the extensive support and nu-
merous scientific discussions. We are grateful to Mark Morris (UCLA) who
made valuable comments to the manuscript. We also thank Sera Markoff
(MIT) for her comments on some sections of this book. This work was sup-
ported in part by the Deutsche Forschungsgemeinschaft (DFG) via grant
SFB 494.

Kéln, Germany, July 2004

Andreas Eckart
Rainer Schodel

Christian Straubmeier

Towards the Center of the Milky Way

The gas and dust on the line of sight to the center make it impossible
to observe the very center of the Milky Way at optical or UV wavelengths.
It is only accessible in the radio, infrared, and X-ray domain. The op-
tical extinction towards the Galactic Center (GC) amounts to almost 30
magnitudes (Ay=30"™; 1 magnitude corresponds to a factor of 2.5) or an
attenuation of visible light by a factor of 107!2. This corresponds in the
near-infrared K-band at a wavelength of 2.2 um to an extinction of only

Our home galaxy, the Milky Way, appears to be an ordinary, barred,
spiral galaxy of type Sbec (Kormendy 2001). The central few 100 pc of
the Milky Way is a region full of unique phenomena (Fig. 0.1). Due to its
proximity, we can study the nucleus of the GC as an exemplary model for
other galaxies of a similar type. In this preface, we will briefly review the
phenomena at, and the properties of, the central few light years of the Milky
Way. This includes its most peculiar object, the central supermassive black
hole Sagittarius A* (Sgr A*). Figure 0.1 shows a representative sketch
that gives a general overview of the central few parsecs of the Milky Way,
and shows how various objects and phenomena are related there. We will
tackle many topics which will be reviewed in the following chapters. For
an easier readability of this short introduction we will not cite references
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Fig. 0.1 Schematic picture of the different structures in the Galactic Center (see also
Genzel et al. 1994). The “mini-spiral” arms of ionized gas — the eastern and northern
arm as well as the “bar” — connect the central stellar cluster region with the circum
nuclear gas ring. Although sketched as a continuous structure here, this ring is a rather
clumpy association of molecular clouds. Some prominent stars are labeled with their
IRS (InfraRed Source) number. The size of the central star cluster (two times its core
radius of ~ 0.35 pc) is indicated by a dotted circle. The position of the compact radio
source Sgr A* is indicated by a cross.
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on the facts presented here. The reader will find all the relevant references
in the corresponding sections of this book.

The Interstellar Medium at the Center

The central parsec is surrounded by an association of several
clouds/filaments of dense (10* — 107 em™3) and warm (several hundred
Kelvin) molecular gas, usnally referred to as the circum nuclear disk (CND),
see Fig. 0.1. The CND contains of the order 10* Mg of gas and dust. The
gas is generally interpreted to orbit the nucleus in a circular rotation pat-
tern. The circum nuclear disk is probably fed by gas infall from dense
molecular clouds at distances larger than 10 pc from the center. The CND
is very clumpy (volume filling factor ~ 10%) and extends no further than
about 7 pc from the center. It has a rather sharp inner edge at a radius of
1.5 pc. Inside this radius there is a cavity, where only atomic and ionized,
but hardly any molecular gas can be found. Several streamers of gas and
dust appear to be on infalling trajectories from the inner edge of the CND.
They are orbiting the center and interact with the intense winds emanating
from the stars in the nuclear star cluster. The streamers of ionized gas form
the so-called “mini-spiral”, the intense thermal radio source Sgr A West.
The total mass of the gas and dust in the mini-spiral does not exceed a
few tens of solar masses. The mini spiral represents the brightest part of
the thermal radio source Sgr A(West). The central 1.5 pc is comparatively
devoid of interstellar matter and is referred to as the central cavity. Parts
of the mini-spiral can be seen in the diffuse emission in the infrared L-band
(3.8 um) image of the central parsec shown in Fig. 0.4. More details on the
interstellar medium in the GC can be found in the reviews by Genzel et al.
(1994), Mezger et al. (1996), or Morris & Serabyn (1996).

The Nuclear Star Cluster

High-resolution near-infrared (NIR) adaptive optics observations at 8 m
class telescopes allow the derivation of the distribution of stars in the GC
that are brighter than ~ 18™ in the K-band. This includes all red and most
blue super giants, all red giants, and all main sequence stars down to about
2 Mg. Although several thousands of stars have been sampled by now in
the central few arcseconds of the GC stellar cluster one has to keep in mind
that all interpretations derived from these observations are still based on
just around 1% of the total stellar content of the cluster.
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On scales > 0.5 pc, the stars at the center of the Milky Way are dis-
tributed according to a near-isothermal cluster. Stellar number counts in-
dicate that the stellar volume density decreases with a power law of oc R~2
from projected radii of 100” down to about 10”. Inside ~ 10” (1” corre-
sponds to 0.039 pc at the distance of the GC) the number density of stars
flattens out, indicating a core radius of the overall cluster of 0.34 + 0.2 pc.
A circle with twice the core radius indicates the scale of the nuclear clus-
ter in Fig. 0.1. Within a few arcseconds (or about 0.1 pc) of the compact
radio source Sgr A* there is a distinct peak in the stellar number density,
exceeding the flat core of the isothermal cluster. The finding of this cusp
is in agreement with theoretical predictions about the structure of a dense
stellar system around supermassive black holes. Earlier, low resolution ob-
servations of the GC stellar cluster allowed examining the structure of the
cluster only via the surface brightness distribution. The surface brightness
peaks about two arcseconds east of Sgr A*, which was later on found to be
caused by the presence of about a dozen very luminous stars that skewed
the measurements. The number counts show, however, that the cluster
peaks right on Sgr A*. Together with the finding of the cusp, this is in
agreement with Sgr A* being a supermassive black hole that dominates the
central light year by its gravity.

The most important components of the GC stellar cluster are indicated
in Fig. 0.2. The position and names of the most prominent bright stars in
the cluster are depicted in Appendix A, Fig. A.2. The brightest source in
the central parsec is the red supergiant IRS 7, (spectral class MI, Tesr ~
3500K) about 6” north of Sgr A*. It is a long period variable with an
apparent average magnitude in K-band of ~ 6.5.

The luminosity in the central few arcseconds is dominated by about two
dozen hot, massive, bright (K~ 9 —12), blue stars, which are characterized
by strong HI/Hel emission lines. One of the so-called He-stars, IRS 16 SW,
is most probably an eclipsing binary (period of 9.72 days) with a mass of
< 100 M. The He-stars have surface temperatures of 20000 — 30000 K
and are sources of intense stellar winds. They are mainly concentrated
in the IRS 16 and IRS 13 clusters (marked in Fig. 0.2) and are probably
witnesses of a star formation episode between 3 and 7 million years ago.
The He-stars are not dynamically relaxed and display a coherent rotation
pattern in counter direction to the overall galactic rotation. This could be
interpreted as a remnant of the angular momentum of the original gas cloud
from which these stars formed.

There is a second component dominating NIR images of the GC stellar
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Fig. 0.2 This K-band (2.2 pm) image was obtained on May 10, 2003, with CON-
ICA/NAOS at the VLT and covers the central ~ 30 x 30" (~ 1.2 x 1.2 pc) of the GC.
The brightest source near the middle of the image is the late-type supergiant IRS 7
(K~ 6.5), which was used to lock the AO of NAOS. The IRS 16 and IRS 13 clusters
of young, blue HI/Hel emission line stars are marked. Stars marked by circles are SiO
maser stars that were used to establish the link between the NIR and the radio astrom-
etry. A circle in the middle denotes the location of the cluster of stars in the immediate
vicinity of Sgr A*, the so called “Sgr A* cluster”. The inset in the left upper corner
shows a region of ~ 2 x 2" (~ 0.08 x 0.08 pc) centered on this cluster. The inset image
was obtained after applying a Lucy-Richardson deconvolution and subsequent restora-
tion with a beam FWHM of ~ 60 mas. The location of Sgr A* is indicated by a white
circle. The moderately bright (K~ 14 — 15) sources S1, S2, and S8 near Sgr A* are
labeled with their names. These stars and some other sources of similar brightness near
Sgr A* are potential O/B type stars.
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cluster. That is a group of intermediate bright (K~ 10 — 13), late-type
stars. These stars have been identified as stars at the top of the asymptotic
giant branch (AGB), which give testimony of another star formation episode
about 100 million years ago. The strength of the CO absorption feature
decreases in the central few arcseconds around Sgr A*. This may be due to
an actual lack of late-type giants there because their envelopes are destroyed
by collisions in the dense stellar cluster. Alternatively, the presence of
luminous, blue stars (the “He-stars”) in the central few arcseconds might
dilute the CO absorption feature and /or there may be an increased presence
of early-type stars in this region.

A specific concentration of K ~ 14 — 15 stars can be found within
about 1” Sgr A* (see small inset in Fig. 0.2). Several of these stars exhibit
proper motion velocities (i.e. velocities projected on the sky) in excess of
1000 kms™! and even show signs of accelerated motion. Speckle imaging
and adaptive optics spectroscopic observations showed that the so-called
“S”_sources in the Sgr A* cluster are blue stars, possibly O or B main
sequence stars. Absorption lines were found in recent spectroscopic ob-
servations of the brightest member of the Sgr A* cluster, S2 (alias S0-2),
consistent with its classification as an ~Q09 star.

The presence of young stars in the very center of the nuclear cluster can-
not be explained by standard theories of stellar evolution. Star formation
in this region should be strongly inhibited by the tidal field of the black
hole. Formation of O/B stars at greater distances, and their migration
inwards via dynamical friction, appears hardly feasible within the short
lifetime of massive stars. Various models are currently under discussion,
such as stellar mergers, similar to blue stragglers in globular clusters, or
the infall and dissolution of a massive young cluster, possibly aided by an
intermediate mass black hole (IMBH). However, no convineing explanation
could be found so far for the properties and origin of the He-stars and the
O/B type stars in the Sgr A* cluster and their existence is currently one of
most challenging problems in GC research.

A number of very cool objects with red, featureless spectra can be
found mostly associated with the mini-spiral, such as IRS 21, IRS 1W,
or IRS 10W. These sources are resolved in high-resolution imaging obser-
vations, i.e. they are not point sources. They have been interpreted as
deeply dust enshrouded young stars, but more recent observations suggest
that they might be rather massive stars, similar to the He-stars, that ex-
perience rapid mass loss. By plowing through the interstellar medium they
create bow shocks and appear as extended sources.
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Fig. 0.3 Velocity dispersion and enclosed mass in the center of the Milky Way. Left
hand plot: velocity dispersion plotted against the distance from Sgr A* as inferred by the
evaluation of stellar proper motions in the nuclear cluster of the Milky Way. The Figure
was taken from Genzel et al. (1997). For details, see their Figure 4. As expected in
the potential of a point mass the velocity dispersion in the inner parsec follows Kepler’s
law and rises proportional R~1/2. Here R is the distance to Sgr A*. Right hand plot:
enclosed mass against distance from Sgr A* as inferred by gas and stellar dynamics. The
various data points and error bars refer to different data sets and statistical methods.
For details on this Figure, see Genzel et al. (2000), Figure 17. The long dash-short
dash curve shows the mass of the near-isothermal, visible stellar cluster with a density
of pp=3.5 x 10° Mgpc™ and a core radius of 0.38 pc, assuming a law of the form
p(r) = po[Ll + (r/r0)?]~*/? (& ~ 2 for an isothermal cluster). The straight line shows a
model of this stellar cluster plus a point mass of 3.0x 106 M. The dashed line is a model
of the cluster plus a hypothetical, very dense cluster of central density 3.7 x 1012 Mgpc—3
and core radius 0.0058 pc. A Plummer model has been assumed for this cluster (p(r)
defined as above, but with a = 5).

Since stars are not subject to large scale forces produced by interstellar
magnetic fields or winds, but only to gravity, they are ideal tracer particles
for determining the shape of the gravitational potential in the GC. High-
resolution NIR speckle imaging observations, followed by adaptive optics
imaging at 8-10 m class telescopes that allow measuring stellar positions
to within a few milli-arcseconds, have opened the way for measuring stel-
lar proper motion velocities and accelerations in the nuclear cluster. In
agreement with spectroscopic observations of line-of-sight velocities, these
experiments showed that the velocity dispersion increases with distance R
to Sgr A* as R~/ ag expected for particles on Keplerian orbits in the po-
tential field of a point mass (see left hand plot of Fig. 0.3). Measurements
from gas and stellar dynamics showed that the enclosed dark mass is con-
stant from distances of 1 pc down to 0.01 pc from Sgr A* (see right hand
plot Fig. 0.3). The observed accelerations of the innermost stars allowed
pinpointing the location of the dark mass.



xiv The Black Hole at the Center of the Milky Way

Recently, the orbits of a number of stars in the S-cluster could be mea-
sured. These Keplerian orbits added the so far strongest piece of evidence
for the compactness of the dark mass in the central parsec. The mass den-
sity inferred from the orbits excludes clusters of dark astrophysical objects
or agglomerations of exotic particles, such as a ball of heavy, degenerate
neutrinos, as explanations for the central dark mass. The only plausible
explanation left is that the dark mass is present in the form of a super-
massive black hole that manifests itself as the compact radio, infrared, and
X-ray source Sgr A*. The next generation of telescopes and interferometers
operating in the near-infrared will possibly discover stars orbiting Sgr A*
with periods as short as about a year. The observation of stellar orbits
near the Milky Way’s black hole will then provide a unique tool for testing
predictions of special and general relativity.

Sagittarius A*

Right at the center of the stellar cluster one can find one of the most
mysterious objects of the central region of the Milky Way, the manifestation

of the central supermassive black hole, Sgr A*. It was originally identified

1

as a compact radio source. It has a radio luminosity of ~2x103%erg s~ ¢,

corresponding to a flux density of 1.1 Jy at A=2 c¢m, and a size of less than
2.4x10'3¢cm or roughly about the diameter of the Earth’s orbit around the
sun. Only in the past years was it possible to identify Sgr A* also in the
infrared and X-ray domains.

The spectrum of Sgr A* is only well known at radio to sub-millimeter
wavelengths, where it is flat to inverted, i.e. increasing flux density with
decreasing wavelength. There is a specific excess of emission at sub-
millimeter wavelengths; the so-called “sub-millimeter bump”. At these
wavelengths the electromagnetic radiation must come from plasma within
a few Schwarzschild radii of the event horizon of the black hole.

There is a sharp drop-off of the emission toward the infrared domain and
there had been no unambiguous detection of Sgr A* at infrared wavelengths
until early 2003, when a faint and highly variable infrared source was found
at the position of Sgr A*. In the infrared and X-ray domain, Sgr A* shows
bursts of emission, generally called “flares”, when its luminosity increases
within minutes by factors of a few in the near-infrared and of a few up
to 100 in X-rays. There are strong indications that activity in these two
wavelength domains is related. The short variability time scales involved
in the flares indicate that the emission must come from within about ten
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Fig. 0.4 This L-band (3.8 pm) image was obtained on May 10, 2003, with CON-
ICA/NAOS at the VLT. The bright source near the middle of the image is the late-type
supergiant IRS 7 (K~ 6.5), which was used to lock the AO of NAOS. The circle in the
middle marks the location of the Sgr A* stellar cluster. Sources marked with upright,
bold letters denote cool, deeply embedded, dust enshrouded sources, which are found
to be associated with the gas and dust of the mini-spiral. Stars marked by circles and
labeled with italic letters are SiO maser stars that were used to establish the link be-
tween the NIR and the radio astrometry (see chapter 2.7). The diffuse NE-SW emission
feature near the middle of the image is part of the northern arm of the mini-spiral. The
“bar” feature of the mini-spiral is also indicated in the image: it is the diffuse, broad
emission feature running NW-SE across the IRS 13 complex.

Schwarzschild radii of the black hole.
Since the X-ray and near-infrared flares probe the region in the imme-
diate vicinity of the event horizon and show rapid temporal substructures,



xvi The Black Hole at the Center of the Milky Way

they may provide information about the properties of the black hole itself.
A currently hotly debated subject is whether the flares allow measuring the
spin (and mass) of the supermassive black hole. Near the end of chapter 3
we will provide some of the theoretical background for these discussions.

Although there appears to be plenty of interstellar gas and dust available
for accretion at the GC, Sgr A* radiates far below its Eddington luminos-
ity at all wavelengths. This is only in part due to the very low observed
accretion rate, which is probably less than 10~7 Mg yr~!. The conversion
efficiency of thermal energy of the plasma into electromagnetic energy must
be much lower than the 10% assumed in standard models of thin accretion
disks. In fact, Sgr A* is the most under-luminous black hole accessible to
observations. Therefore, observations of the Milky Way’s central black hole
have considerably stimulated theoretical research into accretion models of
very low efliciency. These so-called Radiatively Inefficient Accretion Flows
(RIAF) are connected to phenomena such as a massive outflow from the
region near Sgr A* (i.e. that only a tiny fraction of the plasma is actu-
ally accreted) or the advection of thermal energy beyond the event horizon,
which is generally related to a more radial infall of plasma into the black
hole. Models involving a jet appear to be very successful in describing the
emission from Sgr A* and are consistent with the most recent size measure-
ments of the radio source.

At millimeter and longer radio wavelengths observations of Sgr A* are
strongly hindered by interstellar scattering that smears out the source and
does not allow imaging of its intrinsic structure. In the near future, however,
possibly within this decade, it might become possible to resolve Sgr A* with
very long baseline interferometry at sub-millimeter wavelengths. The most
exciting prospect in this undertaking will be the possibility of imaging the
shadow cast by the event horizon through gravitational deflection of the
light in its vicinity. This imaging of the immediate environment of the
event horizon will provide the ultimate proof of the black hole nature of
Sgr A*.
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Chapter 1

Observational Techniques

Key to our understanding of the physics at the center of the Milky Way
and in particular the central compact radio source Sagittarius A* and its
infrared and X-ray counterparts is our capability to gather observational
data. These observations have to be carried out over a wide range of wave-
lengths and spectral resolutions in order to identify and analyze the relevant
physical emission mechanisms. In order to distinguish between the contri-
butions from different sources and to isolate Sgr A* from the surrounding
stars, gas, and dust, it is necessary to achieve the highest possible angu-
lar resolution at each observing wavelength. In this chapter we describe
how these measurements are done. We outline how the radiation is de-
tected, what the technical requirements of the used instrumentation are,
and how high angular resolution imaging and spectroscopy are performed.
When explaining the general aspects in each spectral domain we put spe-
cial emphasis on the case of the Galactic Center. This information may
be particularly useful for understanding the observational results and the
astrophysical interpretation put forward in chapters 2 and 3.

1.1 The GC Across the Electromagnetic Spectrum

Most of the information that is required to understand the physics of an
astronomical target is obtained through electromagnetic radiation. The
physics and technology involved in the detection of this radiation are quite
different for the individual wavelength bands. In the following sections we
cover some of the fundamental principles that apply to observations from
the radio to the y-ray domain.
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1.1.1 Radio Wavelengths

Electromagnetic radiation from the longest wavelengths all the way into the
sub-millimeter domain is usually detected with radio heterodyne receivers,
that convert the received radiation to a lower, intermediate frequency using
a stable local oscillator source. The detection takes place at the interme-
diate frequency. Bolometer systems allow a direct detection with large
fractional bandwidth and become important in the mm to sub-mm regime
(see following section). At the focus of a large parabolic mirror with diame-
ter D the angular resclution A of the receiving systems at a wavelength X is
given via A ~ %. For the currently largest single dish telescopes operating
at the shortest radio wavelengths the angular resolution is limited to about
10 arcseconds.

For the Galactic Center such a resolution is sufficient to map the large
scale distribution of the radio emission. A substantially higher angular
resolution is needed if the fine structure of that emission or the direct envi-
ronment of a compact source has to be investigated. This can be achieved
by combining the output signals of an array of several individual antennas
to an interferometer, where the highest angular resolution is determined by
the longest baseline B as seen in its projection from the target source in the
sky, rather than the diameter D of the telescopes which then defines the
field of view (FOV) of the interferometer. Technical and physical concepts
of radio interferometry are given in a number of review articles and text
books (e.g. Fomalont & Wright 1974; Meeks 1976; Thompson et al. 1986).
For the Galactic Center the technique of radio interferometry is indispens-
able for the investigation of structure on angular scales of a few arcseconds
and below. Since this method is currently in the process of also becoming
feasible in the infrared domain (first experiments on the Galactic Center
are currently being conducted) we will now give a concise summary of the
relevant facts.

The output of an interferometer is called the visibility function V(u,v).
Here u and v are are the orthogonal components of the two dimensional
projection of a baseline for each telescope pair as seen from the target. The
complex visibility function V'(u,v) is linked to the intensity distribution
I(z,y) on the sky via a Fourier relation:

V(u,v)://e_gm(“””y)l(x,y)dxdy . (1.1)

Mathematically the integral can be thought of as being carried out from
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—00 to +oo. However, due to the finite response of the primary beam and
a limited sampling rate of the data, it is in practice only carried out over
the solid angle of 5 of the primary beam or an even smaller region. Since
I(z,y) is a real function, V' is hermitian and the following relation to its
complex conjugate V* holds:

V(—u,—v) =V"(u,v) . (1.2)

The intensity distribution can be obtained via the inverse Fourier trans-
form

I(z,y) ://62”i(”x+vy)V(u, v)dudy . (1.3)

This means that at each position (u,v) the complex visibility function
V represents a Fourier component of the source structure given by I(z,y).
Here the quantities u and v are spatial frequencies that are proportional
to the angular resolution achieved by the projected baseline(s) of the in-
terferometer. The integrals need to be carried out over the range covered
by the u and v values. Unfortunately the coverage of visibility data in the
u, v-plane is sparse since only a limited number of telescopes can partici-
pate in the measurement. For M discrete measurements of V' this can be
expressed using the weights w; with j running from 1 to M as:

V(uj,v5) = V(u,v)w; , (1.4)

with w;=1 for u = u;, v = v;, and w;=0 else. The measured intensity
distribution is therefore given by

M
I'(zy) =Y V(uj,vy)e?™ @avtow) (1.5)
J=1
Since V is the product of two functions, the measured quantity I'(z,y),
also called the “dirty map”, can be written as a convolution between the
real intensity distribution I(z,y) and the so called “dirty beam” DB:

I'(z,y) = I(z,y) ® DB . (1.6)

Here © denotes the convolution operator. The dirty beam is the interfer-
ometer response to a point source that results in a constant output signal
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for each telescope pair defining one interferometer baseline. Introducing a
function W (u? + 'UJQ) to weight the contribution from the longest baselines,
the dirty beam is given by

M
DB(z,y) = ZWU +v3)ePmiu T TY) (1.7)
J=1

DB(z,y) consists of a central component and side lobes representing a
more complicated response to a point source resulting from the insufficient
coverage of the u, v-plane. The so called “clean beam” is in most cases con-
structed via a Gaussian fit to the central component of the dirty beam. Cor-
respondingly the measured distribution I'(x,y) is called the “dirty map”.
The desired true intensity distribution I(z,y) can be obtained by decon-
volving I'(x,y) with DB(z,y). Here DB(z,y) can be determined from
the wu, v-plane coverage. The deconvolution is mostly done via an iterative
subtraction of point source response functions DB(z,y) and is then called
“cleaning”.

The resulting list of “clean components” is restored to a “clean map” by
convolution with a “clean beam”. There are “clean algorithms” of various
complexity optimized to deal with large maps and extended structures for
which the implicit assumption of a point source representation is not a good
approximation. The quality of the map I(x,y) also depends critically on
the calibration of the complex amplitudes and phases of the visibility func-
tion, the phase calibration is especially problematic. The visibility phases
carry, in addition to information on the source structure, information on
the source position. For compact radio interferometer arrays the calibration
can be tied to a common local oscillator signal. Very long baseline interfer-
ometry includes trans- and intercontinental baselines or even baselines to
satellite antennas. Here the local oscillator signal is replaced by indepen-
dent exact clocks and so called “closure quantities” between a minimum of
three stations must be used for mapping (see the review articles mentioned
before for details).

For the Galactic Center, radio interferometry is an essential observa-
tional method to study the emission on all scales. Deep and sensitive maps
in the decimeter to short centimeter wavelength range are obtained with
compact arrays like the Very Large Array (VLA). With more than 27 an-
tennas the u, v-plane coverage is excellent and ideally suited to map for
instance details of the gas streamers in the central parsec. The achiev-
able dynamic range (intensity range between the brightest and weakest
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Fig. 1.1 Simplified schematic representation of a single baseline VLBI experiment. Each
station, both of which define a baseline vector B, is equipped with an independent
frequency and time standard (local interferometers share a common standard). The
vector o points towards the source. The amplified and digitized data stream is written
to a storage medium and brought to a common location. Here the delay A7 and Doppler
shift correction Av is applied before the correlation. The resulting data stream (which
is complex, since the correlation is also performed with a 7/2 shift in one arm of the
interferometer) contains the visibility information, i.e. Fourier amplitude and phase
information of the source structure.

features that can be reliably detected) in the maps is, however, limited by
the presence of the strong point source Sgr A* associated with the central
massive black hole. At the longest wavelengths (e.g. 90 em) the calibration
is complicated additionally by the disturbing influence of the ionosphere
on wave propagation. For radio interferometers operating in the (sub)mm-
wavelength range the calibration must cope with similar problems due to
the humid atmosphere.
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Highest angular resolutions can be obtained using intercontinental base-
lines or even baselines that include satellite dishes. This Very Long Baseline
Interferometry (VLBI; see Fig.1.1) involves radio and millimeter telescopes
all over the world. The highest angular resolution for the Galactic Cen-
ter can currently be achieved at wavelengths of 3 and 7 mm. With a
FWHM (full width at half maximum intensity) of the beam of ~100 micro-
arcseconds the linear resolution at a distance of 8 kpc is 0.8 astronomical
units, corresponding to about 14 times the Schwarzschild radius of a 3
million solar mass black hole or 124 million kilometers.

Most of the compact interferometers and single dish VLBI radio tele-
scopes are located on the northern hemisphere. For the Galactic Center this
means that the u, v-plane suffers correspondingly and that the final beam
shape is elliptical with a lower angular resolution in north—south direction.
Since the Galactic Center is located at a declination of about -29° this also
means that for observations from the northern hemisphere the source will
always be at low elevations above the horizon. For the longest and shortest
wavelengths phase and amplitude calibration due to disturbing influences
of the ionosphere and atmosphere become especially demanding.

Millimeter arrays that are actively involved in observations of the Galac-
tic Center are currently the Berkeley-Tllinois-Maryland Association (BIMA)
and the Owens Valley mm-array. Both arrays will form the new Common
ARray for Millimeter Astronomy (CARMA) within the next few years. The
Sub-Millimeter Array (SMA) will become of increasing importance for ob-
serving the Galactic Center. The SMA consists of eight 6 m elements that
are reconfigurable to achieve baselines from 8 to 508 m (Moran 1998). The
array is located on Mauna Kea in “Millimeter Valley”, at an elevation of
4,080 m. It covers all bands from 180 to 900 GHz. The efficiency of the
antennas is high: excluding the outer most 10 cm of the 3 m radius dishes
to avoid edge effects, the average surface rms is 13 pm and for the inner
2.75 m radius that value is 12 pm. Zhao et al. (2003) report results from
observations of Sgr A* at short-/submillimeter wavelengths made with the
partially finished SMA on Mauna Kea. These observations resulted in the
detection of three flares from Sgr A*.

In the mm and sub-mm domains further progress in dynamic range and
sensitivity, as well as u, v-plane coverage and achievable angular resolution
will be possible in the near future with the Atacama Large Millimeter Array
(ALMA). Limited operation will start in 2006-2007. Located in the Ata-
cama desert in northern Chile at an altitude of 5000 m an interferometer
of 64 antennas with 12 m diameter each will allow for a typical resolution
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of 100 mas at 300 GHz in a 10” FOV (Field of View). The frequency range
will be at least 100 (possibly 30) to 1000 GHz. Since the Galactic Center
will culminate close to zenith at that location, ALMA will be an ideal in-
strument for this source. At longer radio wavelengths the Square Kilometer
Array (SKA — at a not yet determined location) is planned and may lead
to even higher dynamic range maps of the Galactic Center. The SKA will
operate over a possible frequency range of 0.15 to ~20 GHz allowing for an
angular resolution of 10 mas at 20 GHz and a FOV of the order of 1 degree
at 1.4 GHz. Both ALMA and SKA could be used as phased arrays in mm-
and cm-VLBI networks, which would improve high angular resolution radio
interferometry for the Galactic Center considerably.

1.1.2 Far-Infrared Wavelengths

The far infrared (FIR) is probably one of the technically most challeng-
ing wavelength domains, but the development of detectors, cryogenic in-
strumentation, and the telescopes themselves make rapid progress. Be-
tween about 30 and 400 um the Earth’s atmosphere is opaque for radiation
(Fig.1.2). FIR measurements therefore have to be carried out from high
sites with low humidity, from airborne telescopes, or satellites. However,
a major drawback — basically resulting from these technical restrictions
— is the limited angular resolution in this spectral domain caused by the
modest diameters of suitable primary telescope mirrors (e.g. 2.5 m in the
case of the airborne observatory SOFIA).

For the Galactic Center this spectral range is of special interest since
it allows one to trace the larger scale (typically in the ten to a few ten
arcseconds range) distribution of warm and cold dust as well as the atomic
neutral and partially ionized interstellar medium at and towards the center
of the Milky Way. The primary temperature range of the gas and dust that
is covered between 10 pm wavelength and the sub-mm domain stretches
from about 300 K to a few Kelvin. The broad band spectrum of the central
source Sgr A* peaks in the sub-mm/FIR domain and then falls sharply off
towards the shorter wavelength infrared. Flux densities — or their limits —
of Sgr A* are essential to study and distinguish between different emission
processes.

In the near sub-millimeter wavelength range (a few 100 to 1000 pm) ra-
dio heterodyne techniques are applicable for high spectral resolution work.
Schottky and SIS (Superconductor-Insulator-Superconductor) mixers are
in use. This section of the FIR is also the range within which most bolome-
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Fig. 1.2 The atmospheric transmission spectrum between 0.25 and 3 mm wavelength
at the Mauna Kea and Kitt Peak sites (Griffin et al. 1986; Cox 1999). “w” is the
precipitable water vapor at the sites. The graph demonstrates that — with the exception
of two windows — the atmosphere is opaque shortward of 0.6 mm wavelength.

ters are operated. These devices absorb photons and convert them into
heat and a corresponding variation in their electrical resistance.

The energy response of semi-conductors can be optimized for the deep
FIR domain (a few 100 to about 30 um) using the addition of impurities
as well as the application of mechanical stress. This extends the operation
of these extrinsic photo-conductors from the near- and mid-infrared to just
beyond 200 pm wavelengths.

Bolometers and extrinsic photo-conductors can be used as broad band
detectors or can be combined with Fabry-Perot interferometers to achieve
high spectral resolution. In cases of high reflectivity and a low absorption
coefficient of the detector material (e.g. in the case of Ge:Ga) each detector
is located in an integrating cavity to maximize the quantum efficiency.

In the following paragraphs, we will give a brief overview of FIR obser-
vations of the Galactic Center.

Heterodyne measurements in the near sub-millimeter domain:

In the near sub-mm domain radio heterodyne techniques can be used to
perform high frequency resolution measurements of selected lines. More
recently such observations were performed during the austral winter seasons
of 2001 and 2002 at the Antarctic Sub-millimeter Telescope and Remote
Observatory (AST/RO). This station is located at 2847 m altitude at the
Amundsen-Scott South Pole Station. Due to its very low water vapor, high
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atmospheric stability, and a thin troposphere the site is exceptionally well
suited for sub-millimeter observations. AST/RO is a 1.7 m diameter, offset
Gregorian telescope capable of observing at wavelengths between 200 pm
and 1.3 mm (e.g. Stark et al. 1997, 2001). Simultaneous 461-492 and
807 GHz observations were performed using a dual-channel SIS waveguide
receiver (Walker et al. 1992; Honingh et al. 1997) in order to study the
distribution of warm molecular and atomic gas traced by the 461 GHz
CO(4-3), 807 GHz CO(7-6), and 492 GHz [CI] lines in the inner 3 degrees
of the Galactic Center area.

Bolometric measurements in the near sub-millimeter domain:

Near sub-mm bolometric measurements of the Galactic Center are pos-
sible from the ground. Chini et al. (1986) used the *He cooled MPIFR
(Max Planck Institute fiir Radioastronomie) bolometer at a wavelength of
1.3 mm at the 3 m diameter IRTF (Infrared Telescope Facility) on Mauna
Kea, Hawaii. These measurements resulted in a map of the large scale
(~20"x10") distribution of the cold dust. Zylka et al. (1995) used a single
element *He cooled Ge:In:Sb bolometer at 800, 600, and 450 ym (UKT14
receiver Duncan et al. 1990) at the James Clerk Maxwell Telescope (JCMT)
to determine the flux densities of Sgr A* and to discriminate its contribu-
tion from the cold dust distribution in the central parsec.

The SCUBA array was used to map the distribution of warm dust in
the Galactic Center region (e.g. Pierce-Price et al. 2000). SCUBA (Hol-
land et al. 1999} is a sub-millimeter continuum bolometer camera with two
arrays. It is opcrated at the JCMT. One is optimized for 450 pm wave-
length and has 91 pixels. A second array with 37 pixels is optimized for
850 um. Both arrays can be used simultaneously. The angular resolution
is 8” FWHM at 450 pm and 15” at 850 pum. It is usually operated in com-
bination with a secondary mirror chopping between the source and the sky
at a rate of a few Hertz.

SPIFI (Benford et al. 2003) is an imaging Fabry-Perot interferome-
ter designed at Cornell University for use in the 350 and 450 pum telluric
windows available on Mauna Kea as well as the 200, 350 and 450 pm win-
dows available to the AST/RO telescope at the South Pole. The system
employs a 5 x b array of silicon bolometers operated at a temperature of
60 mK using an adiabatic demagnetization refrigerator. SPIFI has been
used to study the line emission of the molecular (the CO(7-6) feature at
371.651 GHz) and neutral atomic (the 3P2->Py [CI] line at 370.415 GHz)
gas phase in the central few parsecs — especially the circum nuclear ring
(Stacey et al. 2004).
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Staguhn et al. (2003) presented the first preliminary sub-millimeter con-
tinuum images of the Galactic Center region obtained with the new Caltech
Sub-millimeter Observatory facility camera SHARC II (Dowell et al. 2003).
The instrument allows observations at 350 pm wavelength with unprece-
dented sensitivity and instantaneous spatial coverage. SHARC Il is a 12x 32
high filling factor array of doped silicon bolometers each 1 mmx1 mm in
size.

Continuum measurements in the deep FIR:

In this wavelength domain measurements are only possible from satellites
or high altitude airplanes (or — mostly on larger angular scales — from
balloons, which are not covered here). Werner et al. (1988) presented the
first detection of linear polarization of the far-infrared (100 pm) emission
from the about 3 parsec diameter dust ring surrounding the Galactic Cen-
ter. The observations were carried out using the University of Chicago
single-beam far-infrared polarimeter on board of the NASA Kuiper Air-
borne Observatory (KAQ). Morris et al. (1992) used the array polarimeter
STOKES on board of the KAO to measure the polarization of the 100 ym
continuum emission at 14 positions in the dense, warm molecular cloud
associated with the arched filaments near the Galactic Center.

Dust distribution, composition, and energetics of dust at the Galac-
tic Center were studied via broad band continuum measurements in the
16 to 45 pm wavelength domain using instrumentation flown on the KAO
(e.g., Rieke et al. 1978; Chan 1995; Chan et al. 1997; Telesco et al. 1995;
Latvakoski et al. 1996, 1999). Far-infrared ~30 ym KAO continuum ob-
servations of the Galactic Center filaments, as well as the process of dust
destruction in that region, are also discussed in Erickson et al. (1995) and
Stolovy et al. (1995).

Spectroscopy in the deep FIR:

Deep FIR spectral line measurements towards the Galactic Center are well
suited to investigate the interstellar medium in that region. Some of the
brightest and most important cooling lines of the diffuse ISM are found
in the deep FIR, e.g. the [CII} 158 ym and [OI] 63 pm fine structure
lines. Measurements in this spectral domain reveal structure, temperature
and density of the more extended atomic neutral and partially ionized gas
component. Early spectrally resolved FIR measurements were obtained by
Genzel et al. (1990) using the Mark IT UC Berkeley cryogenic Fabry-Perot
spectrometer (Lugten 1987) on the Kuiper Airborne Observatory (KAO).
These measurements were continued with the MPE UCB FIR Imaging
Fabry-Perot Interferometer using a 5x5 stressed Ge:Ga array (Poglitsch
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et al. 1991; Jackson et al. 1993). In addition the [OIH] 52 and 88 pm,
[NIII} 57 pm, and [Ol] 63 pm lines in the Radio Arc (Thermal Arches)
regions of the Galactic Center (Timmermann ef al. 1996) were mapped.
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Fig. 1.3 Schematic drawing of the Infrared Space Observatory (ISO), launched in
November, 1995, by the European Space Agency (ESA).

Further progress in terms of sensitivity, dynamic range, and angular
resolution can be expected from future instrumental developments. As
an example, the MPE built Far-Infrared Field-Imaging Line Spectrometer
(FIFI LS; e.g., Looney et al. 2003) including for the first time at these
wavelengths an integral field spectrometer, will be flown on board of the
joint NASA/DLR airborne observatory SOFIA. It will be observing in the
spectral ranges between 40-105 pm and 105-210 um. The integral field unit
consists of a reflective image slicer system that slices the 5x5 pixels field-
of-view into a 25x1 pixels pseudo-long slit. The system therefore permits
taking data cubes i.e. combined positional and spectral (R = A/AX = 1400
- 6500) information.

Space projects:
Comprehensive information about the FIR spectrum towards the Galactic
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Center was obtained using the spectrometers on-board of ESA’s Infrared
Space Observatory (ISO), launched in November 1995 (see Fig.1.3). The
measurements covered a wavelength range between 2.38 pym and 45.2 pum
(SWS; Short Wavelength Spectrometer de Graauw et al. 1996a) and 60 pm
and 168 pm (LWS; Long Wavelength Spectrometer Clegg et al. 1996; Swin-
yard et al. 1996). The observations gave information on the composition
and extinction of the gas, dust, and ices within a few arcseconds diameter
region towards the Galactic Center (Lutz et al. 1996; Lis & Menten 1998;
Chiar & et al. 2001; Moneti et al. 2001; Rodriguez-Fernandez et al. 2001).

The Spitzer Space Telescope, launched by NASA in 2003, carries out a
galactic plane survey and a detailed, sensitive investigation of many nearby
galactic nuclei. The results of these ongoing measurements will certainly
have a deep influence on our understanding of the center of the Milky Way.
The Herschel Space Observatory with its FIR cameras and spectrometers
will allow for a broad range of opportunities to measure the continuum and
line emission in the sub-millimeter and far-infrared domain. The Herschel
Space Observatory is the 4°* cornerstone mission within the ESA HORI-
ZON 2000 programme. The launch is planned for 2007. Three major instru-
ments will be flown on Herschel: The Photoconductor Array Camera and
Spectrometer (PACS) for medium resolution spectroscopy (R=1-2x10%) in
the wavelength range 60-210 pum, SPIRE (Spectral and Potometric Imag-
ing Receiver) a camera and low resolution spectrometer (R=10%2"3) for
A>200 pm, and HIFI, the Heterodyne Instrument for the Far-Infrared for
high resolution spectroscopy (R~107) at wavelengths 127 pm<A<625 pm.
The goal of Herschel’s mission will be detailed studies of the physics and
kinematics of the interstellar medium in the gas layer within the central 50
parsecs, including outstanding gaseous components like the circum nuclear
disk (CND), the arches, and radio filaments (see chapter 2).

1.1.3 Near- and Mid-Infrared Wavelengths

For the Galactic Center near-infrared imaging and spectroscopy of the wave-
length range between 1 pym and 30 um is of special importance. In the
wavelength domain from 1 to about 5 pm sub-arcsecond angular resolu-
tion observations are possible, the extinction in that domain is more than
ten times lower than in the optical, and at the same time it is the per-
fect window through which the bulk of the stars within the central stellar
cluster can be observed. At wavelengths longward of 3 ym the emission of
warm/hot dust becomes increasingly important. Observations of the mo-
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tions and populations of the stars in the Galactic Center allow conclusions
about the mass distribution and star formation history in that area. In or-
der to achieve this goal infrared focal plane detector arrays with a fine pixel
scale are required in order to obtain diffraction limited images using large
apertures or interferometers. Here we give only a very short summary of
the camera and detector requirements and a few aspects that are important
for the Galactic Center.

Camera systems in that wavelength domain have to use either reflective
optics (mirrors) or transmissive optics (lenses and windows) made out of
materials which are highly transmissive in that spectral range (e.g. BaFs
0.15-15 pm; KBr 0.23-25 pm; NaCl 0.21-26 pm; ZnSe 0.5-22 pm; ZnS 1.0-
14 ym to name a few common ones; or special glasses). Optics and detectors
have to be cooled to liquid nitrogen (77 K) or liquid helium temperature
(4 K) in camera dewars, and the thermal heat load through the shielding
and entrance window(s) must be minimized in order to keep the background
low on the detector. Comprehensive information on these topics is given
by Rieke (1994) and Glass (1999). Due to the variability of an increasingly
brighter sky background at wavelengths longer than about 3 pum position
chopping is required — preferentially with a fast telescope secondary mirror.

Between wavelengths of about 1 and 10 yum photodiode technology can
be applied using HgCdTe, InSb, PtSi or other materials. With the applica-
tion of anti-reflection coating, quantum efficiencies in the range of 90% and
a read noise of about 10 to several 10 electrons can be achieved. Between
4 and 40 pm array detectors based on extrinsic silicon photoconductors or
silicon blocked impurity band (BIB) detectors can be used. These devices
have typical quantum efficiencies of 30-80% and read noise values of the
order 50 electrons.

Very sensitive and increasingly large format near-infrared arrays have
been built using Indium bump bonded hybrid technology (Fig. 1.4; see also
reviews by Norton 1991; Scribner et al. 1991; Rieke 1994; Glass 1999; Amico
et al. 2004). Tn these devices a monolithic infrared active layer made out
of HgCdTe or InSb is contacted via small Indium bumps to a multiplexer
unit. This unit is based on MOSFETs that can collect charge on their gate
capacitors. The entire area over which the charge is collected defines a
pixel. Pixel sizes are of the order of 40 pm diameter and the overall filling
factor of the array with pixels approaches 100%. The pixels are made
on a wafer of appropriate semiconductor substrates (multiplexer unit) and
bonded with small Indium contacts to one side of the infrared detector
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Fig. 1.4 The hybrid structure used for the Rockwell Hawaii 2 and ALADDIN arrays.
The IR sensitive HgCdTe layer is bonded to the multiplexer unit via Indium bumps.

material. Therefore this material has to be illuminated from the back. The
detector substrate must be thin enough (~10 pm) to let the created photo
charge carriers migrate from where they have been produced to the gate
capacitors as inputs for the readout electronics. Electronic switches can
activate individual columns and rows such that individual pixels can be
addressed. This random access mode allows any combination of sub-units
of the array which will result in higher readout compared to the overall
array. These hybrid arrays have been used for most of the telescope camera
systems with which the Galactic Center has been observed to date.

The Galactic Center has been observed with the Hubble Space Tele-
scope (HST) on a regular basis. The NICMOS (Near-Infrared Camera
and Multi-Object Spectrometer) instrument was inserted into the HST in
February 1996. It is equipped with three cameras with plate scales of
0.045" /pixel, 0.75” /pixel, and 0.2” /pixel. The cameras can be operated si-
multaneously, and a selection of filters, polarizers, and 3 slitless grisms for
low resolution spectroscopy were in use. Especially in the 1-2 pym region,
where HST’s background is extremely low, the high sensitivity and very
stable point, spread function as well as the accessibility of the wavelength
ranges between the atmospheric windows are a strength of NICMOS. These
properties allowed for a variety of studies including sensitive searches for
variable sources and accurate colors across the 1 to 2.5 pm region (e.g.
Stolovy et al. 1999; Rieke 2003). Furthermore, its 0.2” pixel scale was very
well suited for sensitive mapping of extended emission lines. High spatial
resolution measurements of shocked molecular hydrogen lines have been
carried out (Yusef-Zadeh et al. 2001). The atomic hydrogen Paa-line has
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Fig. 1.5 Images of the Keck and VLT sites. The ESO VLT (top) is located in Chile
on Paranal in the northern part of the Atacama desert near Antofagasta. The site
harbors four 8.4 m diameter telescopes (see http://www.eso.org). The Keck telescope
(bottom) is located on Mauna Kea, Hawaii, consisting of two 10 m diameter telescopes
(see http://www?.keck.hawaii.edu).

been used in combination with information from other wavelength domains
to derive a high angular resolution extinction map for the central 3 pc of
the Galactic Center (Scoville et al. 2003).

The angular resolution that can be achieved from the ground or from
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satellites is an important topic. The HST primary mirror has a diameter
of 2.4 m. At a wavelength of 2.1 um this results in a diffraction limited
angular resolution of about 0.2”. For investigations at higher angular reso-
lutions, large ground-based telescopes like the ESO Very Large Telescopes
or the Keck telescope (see Fig.1.5 and following sections) equipped with
adaptive optics are currently best suited. From the ground the angular
resolution of the observations is either determined by the atmosphere (in
direct long exposures) or the diffraction limit of the primary telescope mir-
ror (for speckle interferometric and adaptive optics observations). At a
wavelength of 2.1 pm one obtains a resolution of about 45 milli-arcseconds
(mas) with a 10 m class telescope. In order to achieve even higher angular
resolutions telescopes have to be combined to near-infrared interferometers
(see section 1.6.1).

1.1.4 Optical Wavelengths

The overall extinction toward the Galactic Center is large. Approximately
27 magnitudes of visual extinction correspond to a factor of 1.6x10' by
which the intensity of yellow, optical light at a wavelength around 550 nm
that originates at the center is reduced. However, the situation improves
dramatically towards near infrared wavelengths (see preceeding section),
where the most sensitive observations can be done using charge coupled de-
vices (CCD). These are arrays based on intrinsic silicon detectors in which
the charges collected on a single pixel are electronically conveyed from pixel
to pixel to a common readout amplifier outside the photosensitive array.
Biretta et al. (1982) obtained direct CCD images and spectra at the 5 m
Hale telescope. With two-color CCD observations of the Galactic Center
region at 800 nm and 920 nm they confirmed the discovery of two very red
optical objects by Grindlay & Liller (1978) that are located at an angu-
lar distance of only a few arcseconds from the non-thermal compact radio
source Sgr A*. They refer to them as sources A and B (labeled “star 1”
and “star 2” in Fig. 1.6). With optical spectra covering the wavelength
range between 700 nm and 1000 nm, Biretta et al. (1983) could exclude
that these objects are HII regions or compact star clusters at the Galac-
tic Center. They concluded that these sources are most likely reddened
foreground stars located a few kiloparsecs from the Galactic Center.

In the following years the Galactic Center area was observed at 1 pm
both from the ground (Henry et al. 1984; Rosa et al. 1992) as well as using
the HST (Liu et al. 1993). In addition to the foreground sources A and B
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Fig. 1.6 Images of the central 2 arcminutes of the Galactic Center showing the effect
of 27 magnitudes of visual extinction (source: Digitized Sky Survey). They show two
stars (Biretta et al. 1982) that are suitable for optical wavefront sensing. Star 2 (USNO
0600-28579500) located 30” NNE of the very center has an R-band magnitude of 13.2
(e.g. Ghez et al. 2003b).

(referred to as IRR1 and TRR2 by Henry et al. 1984), weak emission of quite
a number of sources actually located within the central star cluster has been
observed. Among them are IRS1, IRS21, IRS12, IRS7, as well as several
of the extremely luminous blue stars in the IRS 16 complex. However,
despite applying deconvolution algorithms (Rosa et al. 1992) a positive
identification of the non-thermal radio source Sgr A* was not possible in
this spectral domain.

Some of the stars that are detectable at visible wavelengths have become
important for high angular resolution imaging as they are close to the po-
sition of Sgr A* and can therefore be used as adaptive optics reference
stars.

1.1.5 X-Ray FEnergies

The X-ray emission from astrophysical objects can only be investigated
above the Earth’s atmosphere with X-ray telescopes on board of satellites
orbiting the Earth. Some of the earliest X-ray observations of the Galactic
Center region were done with the ROSAT satellite observatory (e.g. Predehl
& Truemper 1994; Predehl 1995, and references therein). The most recent
observations were done with telescopes on board of the NASA satellite
Chandra and the European ESA satellite XMM-Newton (Fig.1.7). The
telescopes of the satellite observatories consist basically of highly-nested,
grazing-incidence mirrors (Wolter mirrors; Fig.1.8) which focus the X-ray
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radiation onto the image plane and the science instruments which detect
and record the radiation. The exposures towards the Galactic Center are
dominated by the diffuse emission of the Sgr A East region, which is thermal
in origin and rich in emission lines. Collected by the mirror apertures the
average combined count rates from that region are of the order of several
events per second.
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Fig. 1.7 The NASA satellite Chandra as an example of an X-ray observatory.

NASA’s X-ray observatory Chandra was launched and deployed by
Space Shuttle Columbia in July 1999, Chandra is on a very elliptical orbit
around the Earth. The most distant point from Earth (apogee) is located
at more than about one third of the way to the moon. The closest point
to Farth on its orbit (perigee) is at a distance of about 16,000 kilometers.
A complete orbit lasts for 64 hours and 18 minutes. This way the space-
craft orbit is optimized for maximum integration times above the belts of
charged particles that surround the Earth. Uninterrupted observations as
long as 55 hours (almost 180 kilo-seconds) are possible. The collecting area
of Chandra’s mirrors is about 400 cm? at 1 keV with an angular resolution
of about 0.3 arcseconds.

Observations of the Galactic Center (e.g. Baganoff et al. 2001, 2003;
Muno et al. 2003; Eckart et al. 2004a) were mostly carried out using two
specialized CCD camera systems comprised of an imaging array (ACIS-I)
and an element spectroscopy array (ACIS-S). Except for one, all of the
detectors are front-side-illuminated CCDs operated at a focal plane tem-
perature of -110° C. Data frames are produced after an integration time
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of 3.2 seconds. A typical total integration time over which the data is col-
lected is of the order of 50 ks. Each detected photon on the CCD chips
results in a characteristic response covering several pixels. The Galactic
Center is a weak X-ray source. Here the individual photon detection events
are recorded as their pulse-height amplitudes of a 5x5 pixel region centered
on each of the events. Some of the data analysis including the rejection of
bad frames or unwanted cosmic ray events is done already on board of the
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Fig. 1.8 A schematic view of a section of nested grazing-incidence Wolter mirrors as
used in X-ray telescopes like Chandra and XMM-Newton.

The X-ray spectroscopy Multi-Mirror Mission (XMM-Newton) is one of
the cornerstone projects in the ESA long-term program HORIZON 2000
for space science. The satellite observatory was launched on December 10,
1999, with an Ariane 5. The collecting area of the XMM mirrors is about
4300 cm? at 1.5 keV with an angular resolution of about ~5 arcseconds.
The primary scientific objective of XMM is to perform high throughput
spectroscopy of cosmic X-ray sources over a broad band of energies ranging
from 0.1 keV to 10 keV. The XMM observatory includes three modules of
type Wolter I (Fig.1.8), which are coupled to reflection grating spectrome-
ters and X-ray charge-coupled device (CCD) cameras with energy resolving
powers ranging from 10 up to 1000 as well as one small optical /UV tele-
scope.

The European Photon Imaging Camera (EPIC) consortium has pro-
vided the focal plane instruments for the three X-ray mirror systems on
XMM-Newton (Striider et al. 2001, Turner et al. 2001). The EPIC fo-
cal plane imaging spectrometers use passively cooled CCDs to record the
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images and spectra of celestial X-ray sources focused by the three mirrors.
There is one camera at the focus of each mirror; two of the cameras contain
seven Metal Oxide Semiconductor (MOS) CCD cameras, while the third
uses twelve PN CCDs, defining a circular field-of-view of 30’ diameter in
each case. Each EPIC instrument is equipped with a filter wheel that car-
ries three kinds of X-ray transparent light blocking filters, as well as a fully
closed, and a fully open position. Data processing on-board removes signal
tracks caused on the detector by cosmic rays and generates X-ray event files
for further data analysis. The instruments were calibrated on the ground
using laboratory X-ray sources and in orbit using a variety of celestial X-ray
targets. The current calibration is better than 10% over the entire energy
range of 0.2 to 10 keV.

Since 2001 XMM-Newton repeatedly observed the Galactic Center de-
tecting the onset of a flare (Goldwurm et al. 2003), and in October 2002,
a powerful X-ray flare of Sgr A* which was about 160 times stronger than
the quiescent level (Porquet et al. 2003).

1.1.6 ~-Ray Energies

In order to explore the nature of the central source Sgr A* it is of great
interest to determine its flux density at the highest accessible energies. This
can be achieved by y-ray observatories orbiting the Earth. However, these
energies are beyond the limit where mirrors can be used to focus the light
onto the detector plane. In the domain of «-rays, coded mask imaging
is used — as briefly outlined below. As a result the current observations
lack angular resolution in comparison to what is achieved in the X-ray or
infrared/optical wavelength domains.

The EGRET instrument on the Compton Gamma-Ray Observatory
has observed the Galactic Center (GC) region several times (Mayer-
Hasselwander et al. 1998). A strong excess of emission is observed, peaking
at energies >500 MeV towards the central position. However, a larger range
of sources (including the very center) contributes to this emission.

The most recent results on the Galactic Center (Bélanger et al. 2004)
have been obtained with the International Gamma-Ray Astrophysics Labo-
ratory, INTEGRAL. INTEGRAL (Winkler et al. 2003) is a European Space
Agency observatory that began its mission in October 2002 carrying four
instruments. These consist of two main ones, IBIS (Ubertini et al. 2003)
and SPI, the Spectrometer on INTEGRAL (Vedrenne et al. 2003), and
two monitor instruments, JEM-X (Lund et al. 2003) and OMC (Mas-Hesse
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et al. 2003).

The IBIS coded mask instrument is characterized by a wide field of view
(FOV) of 29°x29° (9°x9° fully coded). From the event list for a given
pointing, subsets of events are selected according to energy bins. Each sub-
set is used to build a detector image or shadowgram generated by the source
shining through a Tungsten alloy mask coded with a fixed pattern that has
an area filling factor of ~50%. Convolution of the shadowgram with the
known decoding array gives rise to a sky image containing the main peak
of all sources in the FOV and their secondary lobes. Source identification
and subtraction of secondary lobes results in the final reconstructed sky
image. The point spread function (PSF) has a beam width of 12’ FWHM
(full width at half maximum intensity). Fluxes are derived using INTE-
GRAL observations of the Crab Nebula. The system is sensitive over the
energy range between 15 keV and 8 MeV. This response is achieved via two
detector layers. One of these is a soft gamma-ray instrument with the up-
per CdTe layer sensitive between 15 keV and 1 MeV with peak sensitivity
between 15 and 200 keV (ISGRI; Lebrun et al. 2003). The second, bottom
Csl layer is sensitive between 200 keV and 8 MeV (PICsIT).

The Galactic Center was observed by INTEGRAL in 2003 between
February 28 and May 1. The combined data cover a total integration time
of about 1100 ks. Mosaicked images were constructed using data obtained
with ISGRI in the energy ranges 20-40 and 40-100 keV.

The resulting final images give an unprecedented view of the high-energy
sources of this region in hard X-rays and gamma-rays with an angular
resolution of 12" (FWHM). Bélanger et al. (2004) report on the discov-
ery of a source, IGR J1745.6-2901, coincident with the Sgr A* to within
0.9 arcminutes. Located at ap00=17"45"38.5° , Ja000=-29°01"15", the
source is visible up to about 100 keV with a 20-100 keV luminosity of
(2.89+0.41)x10%° ergs s™! (assuming a distance of 8 kpc). The new IN-
TEGRAL source cannot be associated unambiguously with the Galactic
Center. However, this is the first time that significant hard X-ray emission
from within the inner 10’ of the Galaxy has been reported. Therefore, a
flux density contribution from the galactic supermassive black hole itself
cannot be excluded.
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1.2 NIR Imaging Through the Atmosphere

Following basic physics the angular resolution A that can be achieved with
a telescope is given by the ratio between the observing wavelength A and the
telescope diameter D. In this case the resolving power is given only by the
diffraction of light at the edges of the mirror or imaging optics. Therefore
these conditions are called “diffraction limited”.

A A
A=1222 5 A —1.02% . 1.
D’ FWHM D ( 8)

Here A is given in radian and A and D in the same units, i.e. meters.
The quantity A is the angular distance between the maximum and the first
minimum of the Airy diffraction pattern of a circular aperture. The corre-
sponding full width of the main diffraction component at its half maximum
value (FWHM) is given as well. The resolving power A can only be reached
if nothing disturbs the light propagation between the source and the tele-
scope or the image plane where the detector is located. For optical and
near-infrared wavelengths these disturbances can be produced by turbulent
air. Therefore — if no other precautious are taken — ideal conditions in
which diffraction limited operation of a single telescope is possible are only
given in space or in rare situations in which the disturbing influence of the
air turbulence are small or even negligible compared to the resolving power
A. This situation is approached if the telescopes have diameters of less
than a few meters or the observing wavelength is larger than a few microm-
eters. In general the presence of the atmosphere will result in NIR images
in which point sources are blurred and have apparent angular diameters of
the order one arcsecond.

Telescopes in space, like the Hubble Space Telescope (HST) or the fu-
ture James Webb Space Telescope (JWST), can deliver diffraction limited
images. However, the diameter of the telescope and its optical quality both
limit the resolution that can be achieved and it is quite expensive to bring
large aperture telescopes into space. On the ground, existing telescopes
with diameters of up to 10 m and even larger telescopes that are under
construction or planned can be used for high angular resolution measure-
ments. Here, techniques like speckle interferometry or adaptive optics can
retrieve the diffraction limited information. Detailed descriptions of the
physical processes involved in imaging through the atmosphere are given
in several articles (e.g. Dainty & Scaddan 1975; Mariotti et al. 1983; Rod-
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dier 1989; Christou 1991). In this section we give a brief summary of the
essential processes and introduce expressions that will be used afterwards.

seeing cells
D D
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Fig. 1.9 The case of a single turbulent layer at a hight of 10 km above the telescope
aperture. A distribution of seeing cells, each with a typical diameter r, is moved across
the telescope pupil with the wind speed v,,;,4. The angle 8 is given by the approximate
angular diameter of a seeing cell as seen from the telescope. It encloses the isoplanatic
patch — the region on the sky over which the distribution of seeing cells over the aperture
— and therefore the atmospheric point spread function — does not change significantly.

The atmospheric turbulence above the telescope distorts the otherwise
planar wavefronts of astronomical sources and is responsible for a point
spread function that varies rapidly with time. This phenomenon is called
seeing. Over small entities of the turbulent layer, sections of the phase
front experience predominantly a linear phase change only. These so-called
seeing cells are characterized by the Fried diameter (Fried 1966), rq. It has
a value of the order 10 cm in the optical and approximately 20 cm to 50 cm
in the near-infrared domain.

For small angular distances in the sky the light of neighboring stars is
distorted by almost the same set of seeing cells, resulting in almost identi-
cal atmospheric point spread functions for stars within a sufficiently small
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area. This area is called the isoplanatic patch and has a diameter of ap-
proximately 20” to 30" in the near-infrared, depending on the seeing and
the height of the turbulent layer(s) (Fig.1.9). Image degradation at high
spatial frequencies is caused by a turbulent atmospheric layer at a typical
hight of 10 km. Sometimes, several layers at different heights have to be
taken into account. However, local (telescope dome) or low(er) level layers
(e.g. the so called “ground layer”) are usually of importance as well. The
angular diameter of the isoplanatic patch, i.e. the isoplanatic angle, corre-
sponds approximately to the angular diameter of a seeing cell at the given
height of the turbulent layer (assuming a single layer; Fig.1.9). Across the
isoplanatic patch the arrangement of the seeing cells is approximately the
same, which leads to a stable (only slowly degrading) PSF in that area.
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Fig. 1.10 As a simple model, the seeing cloud with angular diameter w~\/r, can be
thought of as being composed of a number of distorted diffraction limited images with
angular diameter a~A/D. This is reflected in the distribution of image power. Here A
and 2 are inversely proportional to the telescope resolution and the seeing width. The
image power drops rapidly to zero beyond the diffraction limit.

In short exposures of a bright source individual spots are visible, which
are essentially diffraction limited images. These are the result of a construc-
tive interference of an unfilled aperture composed of subsets of different see-
ing cells. These cells refract portions of the light across the telescope pupil
into common directions. The resulting speckles can therefore be regarded
as distorted images of a point source at the diffraction limit of the telescope
(Fig.1.10). In order to record such speckle images (or seeing clouds) the
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exposure time must be of the order of the coherence time of the atmosphere
which turns out to be around one hundred milliseconds in the near-infrared
wavelength range. Recording a large number of these short exposure images
allows one to later compensate for the degrading influences of the turbulent
atmosphere and to reconstruct images at the diffraction limit of the tele-
scope (see section 1.3). Alternatively the wavefront degradations can be
corrected with an adaptive optics system that delivers diffraction limited
images in real time (see section 1.4).

In the case of a long exposure image through the telescope optics and
the atmosphere, the process of image formation can be described in the
following way. An image I{x,y) of an object O(x,y) taken in the focal plane
(with coordinates x and y) through the combination of the telescope and
the turbulent atmosphere can be written as the convolution of O(x,y) with
the combined telescope and atmospheric point spread function P(x,y):

I(z,y) = O(ZE,y) © P(x,y) (19)

Here ©® denotes the convolution operator. In Fourier space with the spatial
frequency coordinates u and v this convolution can be written as:

i(u,v) = o(u, v)p(u,v). (1.10)

Here i(u,v), o(u,v), and p(u,v) are the Fourier transforms of I(x,y), O(x,y),
and P(x.y).

The image power as a function of spatial frequencies u and v is transferred
in an incoherent two-dimensional imaging system For conventional long ex-
posures the power spectrum after taking the time average of all images in
a given ensemble can be written as (Dainty 1975; Christou 1991):

| <i(u,v) > | = 0*(u,v)| < T(u,v) > |2 (1.11)

The long exposure transfer function can then be written as:

< T(u,v) >= Ts(u,v)To(u, v). (1.12)

Here To(u,v) is the telescope transfer function and T,(u,v) is the seeing
(atmospheric) transfer function.
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Direct, long exposure imaging experiments of the Galactic Center in
the near-infrared carried out under best sub-arcsecond seeing conditions
can result in excellent, deep images (e.g. Forrest et al. 1986; Depoy &
Sharp 1991a; Herbst et al. 1993; Close et al. 1992). Due to the high stellar
surface density, these experiments, however, were not able to fully resolve
the stellar complexes within the central stellar cluster of the Milky Way.
Lunar occultation measurements (Simons et al. 1990; Simon et al. 1990;
Adams et al. 1988) achieved that with effective angular resolutions of about
10 mas. However, they suffer severely from the limited integration times
due to the short time scales of the occultation and re-appearance of the
sources. Lunar occultation measurements are currently only useful for the
brightest sources.

1.3 Speckle Imaging

Detailed descriptions of (infrared) speckle interferometry and imaging can
be found in various reviews (e.g. Dainty 1975; Mariotti 1989; Roddier 1989;
Christou 1991). Although most of the more recent high resolution imaging
is done via adaptive optics we consider it essential to outline some of the
fundamental aspects of speckle interferometry in the context of the Galactic
Center observations. There are two main reasons for this 1) Currently a
significant amount of the available high resolution imaging data has been
obtained via speckle imaging. 2) Even if an adaptive optics system is used
there are cases in which some of the basic observational and image reduction
techniques outlined in the following sections become important, leading to
so called “hybrid modes” (see section 1.4).

Here, we only give a brief summary in order to introduce expressions
that are linked to this technique and that are used in the following descrip-
tion of data processing and interpretation. We will give a short summary
of the data reduction used to reconstruct diffraction limited images and
spectra from speckle data.

Rather than proceeding as in the case of the long exposure (Eq. 1.12)
one can alternatively calculate the power spectrum for each short exposure
image of the ensemble before averaging:

< |i(u, v)|? >= 0*(u,v) < |T(u,v)* > . (1.13)

To evaluate these expressions further and to decide which of the imaging
techniques allows one to preserve information at the diffraction limit of the
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telescope, one must have a closer look at the properties of the transfer func-
tion T(u,v). T(u,v) is the (peak) normalized autocorrelation function of the
pupil function H(&,n) which describes the field distribution of the received
wavefront across the pupil (Dainty 1975). Here £ and n are distances in
the pupil plane. They are related to the spatial frequencies u and v via the
observing wavelength A and the focal length f:

&= MAfu
7 = Afv.

This field distribution H(¢,n) contains a contribution from the pupil func-
tion Hp(€,n) of the telescope and the complex amplitude A(£,7) due to
the light from the observed source that was propagated through the atmo-
sphere:

H(&n) = A(§,n)Ho(&,m). (1.14)

In this case we find that in the long exposure transfer function

< T(u,v) >= Ts(u, v)To(u,v). (1.15)

The quantity Ty(u,v) is the telescope transfer function which can be ex-
pressed as the the autocorrelation of the pupil function Ho(£,n). Ty(u,v) is
the seeing transfer function and equals the ensemble average autocorrela-
tion of the complex amplitude A(£,n). A Kolmogorov power law spectrum
for the atmospheric turbulence results in (e.g. Fried 1966; Mariotti 1989;
Perrier 1989):

Ty (w) ~ eafp(——3.44/\,w—,5/3). (1.16)
To

Here w?=u? + v?, and the Fried size (i.e. diameter) of the turbulent cells
is

ro o A%/5 x (cos(~))?/®, (1.17)

with -y being the zenith angle (Fried 1966, Perrier 1989). With the angular
diameter of the seeing cloud
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A

one finds that it depends to the -1/5t" power on the observing wavelength A:

w o ATYE, (1.19)

This implies that the seeing in the infrared domain is in general better than
in the optical. If, for example, the typical angular diameter of a speckle
cloud at a wavelength of A=0.5 ym is ~1”, it will be of the order of only
0.7” in the near-infrared at a wavelength of A=2.2 um. This is a major
advantage both for direct imaging as well as for speckle imaging, since the
number of speckles and the coherence time (i.e. the speckle noise or the
atmospheric image degradation of a point source in a single short exposure)
is much smaller in the infrared.

As shown above, the speckle interferometry transfer function is equal
to the averaged squared modulus of T(u,v), that is < |[T'(u,v)|? >. The
evaluation of this quantity infers a fourth order moment of the complex
amplitude A(£,n) (Dainty 1975). Assuming a complex Gaussian process
one can show for these moments that

< ATARA3AY >=< ATAy >< A3A] > + < AJAs >< A2 A > . (1.20)

The quantities A; through A4 correspond to complex amplitudes at four
different coordinates in the pupil plane.

Using this relationship the speckle transfer function can finally be writ-
ten as (Dainty 1975; Korfl et al. 1972):

U, (1.21)

< T(u,v)|]? >x | < T(u,v) > |> > +

Here N, is the number of speckles per seeing cloud which is proportional
to the square of the telescope diameter D over the Fried cell size r,:

D
Ngp o (—)% (1.22)

(o]
This shows that the speckle interferometry transfer function contains a com-
ponent up to the diffraction limit of the telescope that is weighted inversely

proportional to the number of speckles per seeing cloud. The diffraction
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limited information can be used for imaging. Three different methods that
have been applied to Galactic Center imaging data are described in the
following sections.

The overall conversion of the raw speckle data into the final diffraction-
limited images is done in two steps. First the individual speckle frames
have to be calibrated, and secondly an appropriate speckle reconstruction
algorithm has to be applied. Currently all near-infrared high angular reso-
lution imaging is done in a read-noise limited mode. In contrast to optical
speckle work, no individual photon addresses are recorded but full short
exposure images are taken. Depending on the wavelength, the correction
for the sky-background and the read noise bias can be done by subtrac-
tion of a mean sky exposure of the same integration time as the individual
images on the target. The data for that exposure is taken before, after
and in most cases interleaved with the target data. After the subtraction,
all individual images are divided by a flat field that corrects for the pixel
dependent sensitivity. In addition, a bad pixel correction and removal of
other possible artifacts from the individual frames has to be carried out.

After these steps the resulting individual specklegrams are ready for be-
ing processed by the different speckle data reduction algorithms explained
below. Most of them can be carried out on-line — as implemented in the
SHARP camera system (see below) — or more elaborately, off-line. For
the SHARP system the corresponding off-line data reduction package in
which all commonly used speckle algorithms are implemented was writ-
ten in 1989/90 and was then further improved through the following years
(Eckart & Duhoux 1990; Eckart et al. 1994; Cruzalebes et al. 1996). It
includes algorithms that preferentially work in the image plane, such as
direct imaging combined with seeing based image selection and the simple
shift-and-add algorithm (SSA; Christou 1991), as well as those that work in
the Fourier plane, such as the Knox-Thompson method (Knox & Thompson
1974; Knox 1976) and triple-correlation (Lohmann et al. 1983) algorithms.
All these algorithms have been applied to the Galactic Center data and
have lead to comparable results. A combination of a Knox-Thompson and
SSA map was published in Eckart et al. (1992), and an image obtained
using the triple-correlation algorithm was presented in Eckart et al. (1994).
By far the best results were obtained using the combination of the SSA and
a Lucy deconvolution algorithm (Lucy 1974). A detailed description of this
combination of imaging algorithms used for the Galactic Center SHARP
(Fig.1.11) data is given in Eckart et al. (1994).

In the following sections we summarize the basics of the different speckle
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Fig. 1.11 Thomas Ott filling the cryogenic tanks of the SHARP dewar with liquid
nitrogen. The cylindrical camera cryostat is mounted to the NTT rotator flange behind
which the NTT mirror itself is located.

imaging data reduction algorithms used in the case of the Galactic Center.

1.3.1 The Knox-Thompson Method

Since each short exposure contains speckles and therefore information at
the diffraction limit of the telescope, the Fourier amplitudes a(u,v) of the
observed object can be obtained by calculating an ensemble average PS(u,v)

of the power spectra of all available m=1, ... ,M short exposures:
a(u,v) = PS(u,v)/? (1.23)
1M
N : <% 1/2
[M mZ:1 i(u, v)i* (u, v)] 4.

Here the superscript * denotes the complex conjugate. However, calculating
the power spectrum results in the loss of all phase information. A way
to preserve the phase information and to have power transferred at high
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spatial frequencies is to calculate a cross spectrum in which the conjugate
complex is shifted by one resolution element Au or Av, respectively, in the
Fourier plane — thus preserving the phase difference information between
neighboring resolution elements. This technique was first proposed by Knox
& Thompson (1974) (see also Knox 1976). For a shift by Awu the cross
spectrum has the following form:

DPX(u,v,Au) = i(u, v)i" (u + Au, v) (1.24)
= au,1;€$p(—j¢) a/7t+Au,’Ue$p(—j(¢ + A¢>)
- au,vau+Au,vexp(_.jA¢)

with j=(-1)/? and a,,,=| i(u,v) |. Integration of the complex phase differ-
ences along the u- and v-direction starting at the lowest spatial frequency
possible then allows one to recover the complex phase front that can be
combined with the Fourier amplitudes for final calibration and imaging. A
resulting image for the Galactic Center is shown in Eckart et al. (1992).

1.3.2 The Bispecirum Analysis

Using triple products in Fourier space the complex phase front can be re-
trieved in an even more general way (Lohmann et al. 1983). The complex
intensity can be written as

i(p) =1i(p) | exp(jo(u)). (1.25)

In the one-dimensional case the triple product can be calculated in the fol-
lowing way:

it = i(p) x i) x i*(p+q) (1.26)
= | ifa?r)z | exp(jBp.q)

with the triple amplitude | z';(fg | and the complex triple phase

exp(jBp.q) = €xp(J(d(p) + ¢(q) — é(p + q)))- (1.27)

The much larger number of triple phases compared to phase differences
results in a higher redundancy and the phase front can be retrieved with a
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higher signal to noise ratio. The multitude of all triple products is called
bispectrum and has twice the dimension of the original image because two
displacement vectors p and g are used. When calculating the full bispec-
trum for two-dimensional images this results in a substantial computational
effort. Using estimates of two phases at the lowest spatial frequencies, e.g.
extracted from a long exposure, the actual phases can be calculated recur-
sively from the triple phases making use of the phase closure relation:

exp(id(p + q)) = exp(i(d(p) + ¢(q) — Bp.q)- (1.28)

As in the case of the Knox-Thompson algorithm the recovered complex
phase front can be combined with the Fourier amplitudes for final calibra-
tion and imaging (see Eckart et al. 1994). For a more detailed description of
the actual phase retrieval algorithm that was used for the Galactic Center
(see also Cruzalebes et al. 1996).

1.3.3 Seeing Calibration of Fourier Data

To obtain the true Fourier amplitudes and phases of the source, the power
spectra, cross-spectra and bispectra have to be calibrated by division with
the same quantities calculated for an unresolved reference star. If the tele-
scope aberrations, the detector properties, as well as the statistical proper-
ties of the atmosphere were the same for the ensembles of images taken on
the target object and the reference star, this division will result in Fourier
amplitudes and phases calibrated for seeing and instrumental influences.
An image of the object can then be obtained after an inverse Fourier trans-
formation into the image domain.

For weak sources, noise contributions have to be properly taken into ac-
count as well. Christou (1991) describes the noise bias correction in speckle
image reductions. Major noise sources for short exposures used in speckle
interferometry are the detector read noise in the near-infrared and photon
noise in the optical. In practice this calibration by Fourier division turns
out to be very delicate and difficult to control. Even if the reference ob-
ject is within the same field of view as the target object, the conditions
mentioned before are violated to a certain degree. In particular since the
reference source has to be extracted as only a portion out of the original im-
age, the calibration by Fourier division cannot fully account for the spatial
frequency structure of the detector array. In addition, small number divi-
sion problems (or the effect of noise) may not result in meaningful quotients
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at high spatial frequencies at which the transfer functions usually exhibit
values that may be many orders of magnitude smaller than at the lowest
spatial frequencies. In these cases the quotient has to be multiplied with an
apodization filter that smoothly roles off towards high spatial frequencies
in order to suppress the influence of the data at the corresponding spatial
frequencies. All these problems usually result in a limited dynamic range
combined with a loss in spatial resolution.

For the Galactic Center the results of the Knox-Thompson method and
bispectrum analysis are quite comparable (Cruzalebes et al. 1996). How-
ever, as described in the following section, the results obtained via the
simple shift-and-add method give images with higher dynamic ranges and
more stable seeing calibration.

1.3.4 The Shift-and-Add Algorithm

The Knox-Thompson method and the bispectrum analysis both work in
the Fourier plane. This is not really necessary because there exists a very
simple and efficient algorithm to produce diffraction limited images that can
be applied in the image plane. It is the shift-and-add algorithin that was
first used by Bates & Fright (1982). The 12.8” x12.8” field of view of the
SHARP speckle camera as well as the 5.3” x5.3” field of view of the NIRC
camera (see section 1.3.6) is always smaller than the approximately 20” to
30” diameter isoplanatic patch size in the near-infrared. This means that
for all the stars within the field of view of the camera, the position of the
brightest speckle is at the same position within each speckle cloud. A basic
assumption of the shift-and-add algorithm (Bates & Fright 1982; Christou
1991) is that individual speckles can be regarded as distorted images of
the object as already indicated in earlier sections. This assumption is well
justified if there are relatively few, well separated speckles (as in the NIR
in good seeing on a 4 m telescope) and for a source structure consisting of
a collection of point sources, as in the Galactic Center nuclear star cluster.
Co-adding all short exposures, after shifting the positions of the brightest
speckle in the seeing cloud of a bright reference object to a common location,
results in an image containing substantial power at the diffraction limit of
the telescope.

The speckle image processing can formally be described in the following
way: each of the M two-dimensional images I, (x,y) of a series of short
exposures can be written as the object O(x,y) convolved with the combined
telescope and atmospheric point spread function P,,(x,y) plus an additive
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noise component N, (x,y).

In(2,y) = O(z,y) © Pul(z,y) + Ne(z,y) (1.29)

Here © denotes the convolution operator. In the simple shift-and-add
algorithm one determines the location of the brightest speckle in the seeing
disk of a reference star in each of the images I.,(x,y) and shifts them to the
same position before summing them.

M
1

S(z,y) = i ZIm(:L'—i-xm,y—f—ym). (1.30)

m=1
Here % and yn, are the corresponding shift vector components. One
obtains a shift-and-add image S(x,y) that can be written as the object con-
volved with a shift-and-add point spread function P(x,y) plus a modified

noise contribution N;(x,y).

M M

S@,9) = 37 (0@ O Y Pale+ oy +ym) + 3 Nulet 2y + ym)
" " (1.31)

or
S@y) = 1:0@y) © Pny) + No(ey).  (132)

For each star in the field of view (smaller than the isoplanatic patch size)
this point spread function results in a diffraction limited image of the object
on top of a residual seeing background built up by the contributions of all
fainter speckles. In contrast to the long exposure (a simple co-addition of
individual frames) the raw shift-and-add image contains information at the
diffraction limit of the telescope. In the near-infrared and especially for the
Galactic Center observations the shift-and-add algorithm has the following
advantages over the Knox-Thompson method and the bispectrum analysis.

e No Fourier transforms have to be involved resulting in a fast pro-
cessing of a large amount of data.

e No linear deconvolution is necessary, therefore no small number
division problems at high spatial frequencies and no loss in spatial
resolution due to apodization in Fourier space occurs.
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e Most importantly: local artifacts in the image plane are not spread
all over the Fourier plane resulting in problems for the seeing and
source power calibration. Such artifacts are detector imperfections
or — in a crowded field like the Galactic Center area -— point
spread functions of sources at the very edges of the detector that
are affected by the limited size of the field of view.

e The algorithm is very efficient in the near-infrared due to the small
number of speckles — less than 5 to 10 for a 4 m-class telescope at a
wavelength of 2.2 ym — under good seeing conditions. This results
directly in an image that contains of the order of 10% to 30% of the
total image power at the diffraction limit of the telescope. During
most of the Galactic Center observations the short-exposure seeing
cloud diameter (e.g. the second order moment) varied between
0.3” and 0.5” FWHM and the bright reference sources (IRS 7 or
IRS 16NE) were dominated by a single, bright speckle.

e For most of the observations the comparatively isolated bright su-
per giant IRS 7 (or IRS 16NE for the southern parts of the stellar
cluster) was in the same field of view as the Sgr A* region and could
therefore be used as a very reliable calibrator source to correct for
the shape of the shift-and-add point spread function.

The point spread function of a shift-and-add image is composed of a
diffraction-limited core containing typically 10% (up to 30%) of the light on
top of a broad seeing halo. Airy rings (mainly the diffraction pattern of the
primary mirror) around the cores of bright stars indicate that the diffraction
limit has truly been reached (see e.g. Fig. 1.12). The algorithm described
above is also referred to as the simple shift-and-add (SSA) algorithm since
it only makes use of the brightest speckle in the seeing cloud. A shift-
and-add algorithm that uses all bright speckles in a seeing cloud weighted
accordingly to their brightness is called weighted shift-and-add (WSA)
algorithm and is described in Christou (1991). It is therefore suitable for
shorter wavelengths or larger telescope diameters. However, the algorithm
involves Fourier transformations and a linear deconvolution and does not
share all of the advantages the SSA algorithm has over the Knox-Thompson
method and the bispectrum analysis.

The quality of SSA images can be improved considerably by selecting
only the frames of highest quality, i.e. with the best S/N-ratio. On smaller
telescopes (such as the ESO NTT) the best speckle exposures resemble
diffraction limited images. Schodel et al. (2003) could reach Strehl ratios
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Fig. 1.12  Top left: speckle frame of the IRS 16 cluster in the Galactic Center obtained
under moderate to bad atmospheric conditions. The S/N is low, faint sources are not
visible and the brighter sources are broken up into numerous speckles. Top right: speckle
frame observed under excellent atmospheric conditions. The S/N is high and the image
is basically a diffraction limited short exposure with the first Airy rings clearly visible
around the brighter sources. The visible stars have K-magnitudes between about 9 and
14. Bottom left: SSA image of an average speckle imaging data cube; Strehl ratio about
15%. Bottom right: SSA image of a cube of about 100 high quality speckle frames; Strehl
ratio of about 35%. Numerous faint sources, which cannot be seen in the bottom left
image, can be distinguished in this high-quality image. All speckle images were obtained
with SHARP at the NTT telescope.

of up to 30% by rigorous frame selection (see section 1.4 for a brief definition
of the Strehl ratio). The difference in quality between average SSA images
and SSA images resulting from such a rigorous selection of the best speckle
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frames can be seen in Figure 1.12.

The shift-and-add images still have to be corrected for the SSA point
spread function. For a description of this seeing calibration step we refer
to section 1.5, where various deconvolution techniques will be described.

1.3.5 Speckle Spectroscopy

Although the combination of adaptive optics and dedicated spectrographs
now permits spectroscopy combined with high angular resolution, the
method of speckle spectroscopy still has some relevance for the observation
of faint objects. The method presented here is based on slitless spectroscopy
and can best be employed for obtaining simultaneous low resolution spectra
of multiple faint sources for which otherwise high resolution spectroscopy
would not have been possible or too cumbersome to collect using a slit.
Since that method can also be employed over a large field-of-view it may
also have advantages over low spectral resolution integral field spectroscopy
in not too crowded fields. Here, the term “large field-of-view” refers to large
fields for diffraction limited imaging i.e.

indexFOV significant fractions of an arcminute or more.

The stars in the central arcsecond close to the position of the radio
point source Sgr A* (in the following referred to as the Sgr A* stellar
cluster) are essentially all located within one single seeing disk. In addition,
they are very close to the bright members of the IRS 16 complex that are
located 1.5” to 2” to the east. The members of this complex are 100 times
brighter than the stars close to Sgr A*. In order to conduct spectroscopic
observations of these stars, the SHARP speckle camera was equipped with
an objective prism (Genzel et al. 1997). The additional device consisted of
two optically contacted prisms. One was made from BaF, and the other
from Schott IRG 9 glass. Mounted in front of the SHARP camera the
two prisms had an on axis net-dispersion that gave K-band spectra of 1.0”
length in the image plane. This dispersion was chosen on purpose in order
to minimize confusion problems in the highly crowded area surrounding the
compact radio source Sgr A*. The spectral range was limited by the K-band
filter (1.95-2.40 pm) inside the camera. In this configuration low resolution
(A/AX=35) K-band spectra of 4 objects within the central Sgr A* stellar
cluster could be obtained. This data were taken during NTT observing runs
in April and June, 1996. Several thousands of spectrally dispersed speckle
interferograms were then recorded with exposure times of 0.5 seconds. The
region described above was observed alternately through the full K-band
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and through a He I 2.09 pum narrow band (A/AX=150) filter. The raw
images were sky subtracted, a flat field was applied and dead pixels were
corrected for by interpolation. The spectrally dispersed data could be flat-
fielded since the relative spectral response of individual pixels at the chosen
spectral resolution was confirmed to be equal to within <1%.

Since speckle spectroscopy is a rarely used observational technique we
include an outline of the theory of image formation and the applied data
reduction at this point. Speckle spectroscopic interferograms IS(x,y) taken
in the NIR K-band can be thought of as the usual short exposure image
I(x,y) of a seeing cloud - i.e. the image of the object O(x,y) convolved with
the atmospheric point spread function P(x,y) — convolved with a product of
the source K-band spectrum K(x) and the combined K-band atmospheric
and instrumental spectral response function SP g (x)

IS(z,y) = I(z,y) @ (K(x) x SPk(z)) (1.33)
IS(z,y) = |O(z,y) ® P(z,y)] © (K(z) x SPk(z)). (1.34)

Here ® and x denote the convolution and multiplication operators re-
spectively. For point-like objects (stars), O(x,y) @ P(z,y) can be repre-
sented by an Airy pattern. The image of the star at the K-band diffraction
limit of the NTT telescope has a FWHM of the order of 0.13”. On the
spectrally dispersed and diffraction limited image the K-band spectrum was
about 1”7 long. The maximum spectral resolving power was about R=35.
In order to extract the spectral information one has to obtain an indepen-
dent measure of the atmospheric point spread function. This was achieved
by interleaving the described observations with observations of the same
field (containing the structural calibrator source IRS 7) through the com-
bination of the objective prism and the R=150 He 1 2.09 pm narrow-band
filter. With SPyp(x) we denote the corresponding combined atmospheric
and narrow band instrumental response function. The spectral resolution
of the narrow band filter was higher than what one could obtain with the
speckle spectroscopic observations described above. Therefore, the narrow-
band filter spectral response function SPyp(x), as well as its product with
the source spectrum K(x) can be approximated by a delta function 6(x-
xnyp) where xyp corresponds to the center wavelength of the NB filter.
Individual reference speckle interferograms IR(x,y) of the IRS 7 reference
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source REF(x,y) can then be written as

IR(z,y) = I(z,y) © (K(z) x SPy5()), (1.35)

IR(z,y) = [REF(z,y) © P(z,y)] © (K(z) x SPyp(2)) (1.36)

IR(z,y) = [REF(z,y)® P(z,y)] ®6(x —axnp) = REF(z,y) © P(z,y).
(1.37)

This way one can rccord images of the structural calibrator through
the objective prism at the same telescope focus. Alternated observations
through the full K-band and the narrow band filter allowed one to sample
the statistical variations of the atmospheric PSF and to seeing correct the
dispersed speckle data.

The SSA algorithm could be used to reconstruct spectra of individual
sources from the dispersed speckle frames. The highest spatial and spectral
resolution SSA images were obtained using a matched filter approach. This
was done by searching through individual short exposures and extracting
an image of a single bright dispersed IRS 7 speckle sufficiently isolated from
the overall seeing cloud and using it as a matched filter. We calculated the
cross-correlation between this spectrum and all the individual images of the
full speckle interferograms. The peak in the cross-correlated image of IRS 7
then denoted the corresponding location of the brightest dispersed speckle
in each image. The difference between this location and the long exposure
centroid of the IRS 7 images was used as a shift vector in the SSA process.

The resulting broad-band spectrally dispersed SSA images were then
deconvolved with the PSF obtained from the narrow band SSA images on
IRS 7 using the Lucy algorithm. The results of the speckle spectroscopy
experiment are discussed in chapters 2 and 3.

1.3.6 Speckle Instrumentation

In this section we present some of the technical details of speckle camera
systems that have carried out observations of the Galactic Center on a
regular basis. These are the SHARP camera (Hofmann et al. 1993, 1995)
at the ESO NTT and NIRC (Matthews & Soifer 1994; Matthews et al. 1996)
at the Keck telescope. These cameras have been equipped with sensitive
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near-infrared array detectors. Before the 1990s, sensitive NIR chips were
not easily available and initial speckle observations of the Galactic Center
had been carried out using one dimensional slit-scan speckle techniques

(e.g. Beckwith et al. 1986).

1.3.6.1 SHARP

The goal of the SHARP (System for High Angular Resolution Pictures) ex-
periment was to study the structure of the central stellar cluster at diffrac-
tion limited resolution (see Fig.1.11). Given the distance of 8 kpc and the
high extinction of Ay =~ 25 — 30" this required diffraction limited imaging
in the near-infrared with a cooled, sensitive, high speed camera at a 4 m-
class telescope and special speckle interferometric data reduction software.
All observations with the SHARP camera were done at the ESO (Euro-
pean Southern Observatory) New Technology telescope (NTT) in La Silla,
Chile. The camera was mounted at one of the Nasmyth foci with a focal
ratio of f/11. The camera used liquid nitrogen as a coolant and was built
around a 2562 pixel NICMOS 3 array from Rockwell. This is a HgCdTe
based focal plane array sensitive in the 1 to 2.5 ym wavelength range. The
read noise for a single read process was about 30 electrons. The camera
was equipped with standard near-infrared broad and narrow band filters.
During the initial observing runs a circular variable filter wheel (CVF) was
used instead of the narrow band filters. The array is read with a maximum
frame rate of 8 Hz resulting in a data rate of about 1 Mbyte/s. The camera
optics has been designed such that the diffraction limited beam of the NTT
at 2.2 pm (~130 milli-arcseconds; mas) could be sampled with 3 pixels of
50 mas each. The array size and pixel scale resulted in a total field of view
of 12.87x12.8”. At the distance of the Galactic Center this corresponds to
about 0.51 pc x0.51 pc. Therefore the central part of the stellar cluster as
well as the bright star IRS 7 could be included in the same field of view.
The camera had on-line data analysis capabilities. The analog data
stream from the four quadrants of the NICMOS 3 array was digitized and
sent via a fiber link into the memories of 4 digital signal processors (DSP).
It was there where the images were calculated by subtracting the value read
of each pixel obtained right after the reset from the read value after the
chosen integration time. The data was then stored on disk and the image
was available for further on-line processing. After correcting for bad pixels,
subtracting a sky image and multiplying with an inverse flat field, the DSPs
performed an on-line simple shift-and-add algorithm. After typically 1000
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short exposure images, the intermediate result was displayed and written
to disk as well. This allowed a data quality check at the telescope during
the observations and could also be used for further real time image analysis
at the observatory.

Since its first installation at the ESO NTT in August 1991 until the
final observing run in June 2002 the whole camera system was shipped to
the NTT and operated there once or twice per year. Further details on the
camera design and electronics are given in Hofmann et al. (1993, 1995).

1.3.6.2 NIRC

At the Keck Observatory the Galactic Center observations were carried out
with the Near Infrared Camera (NIRC) (Matthews & Soifer 1994; Matthews
et al. 1996). NIRC is an instrument designed to produce both infrared
images and low resolution spectra from 1 to 5 ym. NIRC not only produces
direct images but also allows for coronographic imaging (bright sources can
then be covered by a finger in the light path) and has low resolution (R ~
60-120) grisms available for spectroscopy.

For NIR speckle operation the {/25 telescope beam from the secondary
mirror is first transformed via an image converter into an f/180 beam. Then
the light encounters NIRC’s tertiary mirror which is still outside of the cam-
era cryostat. This tertiary mirror can be tilted in order to align the pupil
onto the instrument’s pupil mask. After the tertiary, the dewar window is
encountered, followed by the focal plane which contains two movable slides.
These slides provide a choice of slits and masks for spectroscopic use. After
a field mirror, a folding mirror, and a cold, circular pupil stop the light path
reaches two filter wheels with 20 positions each. These wheels provide a
choice of infrared bandpass filters that allow one to select a suitable wave-
length and bandwidth for the observations. The Galactic Center data (e.g.
Ghez et al. 1998) was taken with a 256 x256 pixel InSb detector produced
by Hughes-SBRC. The detector has a quantum efficiency of 89.5% at 1.7 pym
wavelength. That means almost 90% of all photons that reach the chip at
this point are converted into an electrical signal. The detector is attached
to a cold block that provides cooling through the liquid helium dewar. A
small heater attached to the block also provides thermal regulation. The
pixels have a diameter of 30 um. Projected onto the sky for the NIR speckle
operation that corresponds to a pixel scale of 20.6 milli-arcseconds per pixel
and results in a total field of view of 5.3 arcsec. The detector read-out noise
of the imaging chip is 75 electrons in the best timing pattern. Qutput from
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the NIRC detector is sent to the readout electronics rack. A four-channel
readout is provided, along with coadders, filter banks, and user-selectable
gains. The analog-to-digital conversion is done by 12-bit or 16-bit ADCs.

After the standard data processing (sky subtraction, flat field and bad
pixel correction) a few additional steps were carried out in the case of the
NIRC Galactic Center observations at the Keck telescope (see e.g. Ghez
et al. 1998). The imaging distortion and artifacts of the camera were ac-
counted for. Each pixel was expanded into 2x2 pixels with equal flux in
order to allow for a higher precision by shifting the specklegrams by frac-
tions of a pixel before adding them. For the speckle observations the image
rotator was turned off so that the field orientation on the detector changed
throughout the night. This procedure minimizes the systematic effects of
possible flat fielding imperfections and image distortion, and maximizes the
sky coverage in the speckle image reconstruction. In order to compensate
for the field rotation the specklegrams are rotated such that they have a
common orientation. Due to field rotation and differences in the centering
of individual frames, the fields of view of the final shift-and-add images are
larger than the original frames and cover a 6” x6” region. Following these
data processing steps the NIRC specklegrams of the Galactic Center are
free of camera artifacts and are dominated by the short exposure structure
of the four brightest stars of the central star cluster.

1.4 Single Telescope Adaptive Optics

On single telescopes diffraction limited images can be obtained in real time
by using adaptive optics systems (e.g. Tyson 1998). In the following we
describe how these systems work and how they can be used for high angular
resolution imaging and spectroscopy. We also give a closer description of
some of the adaptive optics systems that have been used to observe the
Galactic Center.

1.4.1 Adaptive Optics Imaging

Adaptive optics allows for a real time correction of the disturbing influences
on the shape of the wavefront entering the telescope aperture. The initial
wavefront of the astronomical object can be regarded as being planar just
outside the Earth’s atmosphere. It then travels about 20 km through the
turbulent atmosphere. Across the diameter of a large telescope, it accumu-
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lates phase errors of a few micrometers. In most systems the low frequency
component of the seeing — the image motion — is corrected separately
by a tip-tilt sensor and a corresponding correction mirror. The high fre-
quency part of the fluctuations is taken over by the adaptive optics system
and requires corrections on time scales of the order of a few 10 to a few
100 Hertz. The correcting loop must therefore run at a multiple of that
frequency. The wavefront shape is measured by a wavefront sensor. It has
to be corrected to a small fraction of the observing wavelength (A/20 to
A/50) about every millisecond. In a conventional AO system light with
wavelengths short-ward of 1 um is sent to the wavefront sensor while light
long-ward of 1 pm is sent to the science instrument (Fig. 1.13).

In the terminology of the previous sections, the adaptive optics system
measures and corrects the transfer function 7'(u,v). It corrects possible
static abberations contained in the telescope transfer function Ty(u,v) and
high frequency atmospheric abberations described by the seeing transfer
function Ts(u,v). As shown in section 1.3, seeing conditions are better
in the NIR than in the visible domain, where the requirements on an AQO
system (atmospheric coherence time and Fried diameter of seeing cells) are
much higher. In observational astrophysics, current AO systems are pref-
erentially used to correct images at wavelengths longer than about 1 ym.

There are two frequently used types of wavefront sensors: Shack-
Hartmann and curvature wavefront sensors.

In a Shack-Hartmann device the telescope pupil is subdivided into multi-
ple sub-pupils each resulting in an image of a light source (star or calibration
laser) on a detector. From the resulting image one can measure the slope
of the wavefront at the position of the sub-pupils from the displacement of
the images of the reference star with respect to a reference position (Fig.
1.14). That position can be calibrated using an internal light source (e.g.
a laser). Curvature wavefront sensors make wavefront measurements using
pairs of extra-focal images. The differences between them are proportional
to the curvature of the wavefront as a function of position in the pupil.
With both methods, wavefront sensing is done on a guide star, or even on
the observed object itself if it is sufficiently bright and compact (or if it has
sufficiently sharp light gradients). The measurement can be performed in
the visible domain for observations in the infrared, or in the infrared itself
if the guide star is too faint in the visible and/or closer to the target than
a visible reference source. However, currently only the NAOS AQO system
at the ESO VLT unit telescope 4 is equipped with an infrared wavefront
sensor, giving the combined NAOS/CONICA system unique capabilities.
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Fig. 1.13 Schematic view of a typical adaptive optics loop. The wavefront is reflected
off a deformable mirror (DM) and sent to a beam splitter. There the optical light is
sent to the wavefront sensor (WFS) and the infrared light to the science camera. The
wavefront sensor signal is used by a closed-loop control computer to drive the DM. The
wavefront straightened by the DM produces an image that contains a significant amount
of power at the diffraction limit of the telescope.

Correction of the wavefront in adaptive optics systems is done with a
deformable mirror which is located close to a pupil image of a conjugated
atmospheric layer and has a diameter of the order of 10 to 20 cm. This
mirror with an arrangement of actuators matched to the wavefront sen-
sor is shaped into a conjugate of the measured aberrations to correct the
wavefront. Correction of the wavefront in adaptive optics systems using
a Shack-Hartmann wavefront sensor is usually made with a deformable
mirror supported by individual piezoelectric actuators. For 8 m class tele-
scopes and a wavefront correction in the near-infrared, one requires a few
hundred actuators. In a system that senses curvature the correction is usu-
ally accomplished with a bimorph adaptive mirror, made of two bonded
piezoelectric plates.

The control loop between the wavefront sensor and the deformable mir-
ror is run by a fast real-time computer. Within only 1 millisecond or less
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Fig. 1.14 Typical image of a star produced by a Shack-Hartmann wavefront sensor
through an array of lenslets across the pupil. Each lenslet produces an image of the star.
The varying positional offset of the individual stellar images from a reference position is
a measure of the varying gradients across the wavefront within the pupil at the position
of the corresponding lenslet. Using this information a fast computer calculates the signal
to drive the deformable mirror in the control loop. This image was generated by the
ALFA adaptive optics system (a common MPE/MPIA project) on the Calar Alto 3.6 m
telescope (see Eckart et al. 2000, and references therein).

the system uses the wavefront sensor measurements to calculate the com-
mands to set the deformable mirror. This is the reason why bright stars
are needed as reference sources (with magnitudes brighter than about 17
in the visible and brighter than about 10 in the NIR domain). The cor-
rection schemes include zonal or modal control methods. In zonal control,
each zone or segment of the mirror is controlled independently by wavefront
signals that are measured for the sub-aperture corresponding to that zone.
In modal control, the wavefront is expressed as the linear combination of
basic wavefront modes that fit the measured phase front. Modal control
systems are very flexible and allow limitation to a certain spectrum of ba-
sic modes or an a priori choice of certain offsets in order to compensate for
fixed aberrations.
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The actual delivered performance of the system depends strongly on
several factors: the guide-star characteristics, the intrinsic spatial and tem-
poral properties of the atmosphere, telescope wind shake, and so forth. The
goal of course is to obtain a stable correction of the image that allows for
a long integration time. If the correction is less stable (or if the observed
source is too bright to allow for long exposures) one can obtain series of AOQ
assisted images — similar to Speckle interferometric observing techniques
— but with integration times in the range of a few seconds. After further
post-processing and image selection such “hybrid modes” will result in high
angular resolution images at or close to the diffraction limit.

The atmospheric restrictions for AQ operation in the infrared are less
severe than in the optical. Adaptive optics operation is strongly affected by
the size of the isoplanatic angle. In the infrared it is usually of the order of
20” and shrinks to less than 5” in the optical. However, even at a wavelength
of 2.2 pm the sky coverage, i.e. the probability of finding a suitably bright
reference star in the isoplanatic patch around the chosen target, is only
of the order of 0.5 to 1%. The sky coverage can be extended by using
either artificial laser guide stars projected high above the telescope (e.g.
Eckart et al. 2000; Bonaccini et al. 2003; McLean & Sprayberry 2003a) or by
employing multi-conjugate wavefront systems that use multiple reference
stars to measure the atmospheric properties towards the target and allow
to correct a field-of-view that is much larger than the isoplanatic patch
(Marchetti et al. 2003; Ragazzoni et al. 2003). Both methods are currently
being developed and have not yet been applied to the Galactic Center.

Adaptive optics imaging produces a point spread function (PSF) in
which a substantial fraction of the light is gathered in a diffraction limited
core. The remainder is contained in a “seeing foot” which has a width
similar to or larger than the seeing cloud corrected for image motion (tip-
tilt) (Fig. 1.15). A frequently used measure of the quality of the adaptive
optics correction is the so-called Strehl ratio. It is defined as the ratio
between the peak intensity in the AO-corrected (but through instrumental
and external effects still degenerated) and the hypothetical fully diffraction
limited image of a point source, e.g. an Airy pattern. A direct seeing limited
long time exposure (i.e. adaptive optics switched off), has a Strehl ratio of
the order of 1 to 2%. Under optimum conditions (excellent input seeing of
about 0.5” or less, a bright reference star, and a fully operative adaptive
optics system) Strehl ratios of about 50-60% can routinely be achieved at
wavelengths of 2 um and of 70-90% at wavelengths of 4 pym.

For observations of the Galactic Center one is in the fortunate situation
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Fig. 1.15 A demonstration of how adaptive optics improves the Strehl ratio of a seeing
limited image.

to have infrared and optical reference stars in the vicinity of the target, i.e.
the position of the radio source Sagittarius A* at the core of the central
stellar cluster of the Milky Way. There are two foreground stars (Biretta,
Lo, & Young 1982) that are just suitable for optical wavefront sensing.
Star 2 (USNO 0600-28579500), located 30" NNE of the very center, has a
V-band magnitude of ~14 (Biretta et al. 1982) and an R-band magnitude
of 13.2 (e.g., Ghez et al. 2003a). For the Galactic Center currently the best
conditions for adaptive optics measurements can be achieved if an infrared
wavefront sensor is available. In this case the adaptive optics correction
loop can be closed on the K~ 6.5 mag supergiant IRS 7 (e.g. Clénet et al.
2001; Schodel et al. 2002) which is located ~ 5.5” north of Sgr A*.

As an example of how the atmospheric phase front across the telescope
aperture can be calculated from the wavefront sensor signal we briefly out-
line the situation for the case of a Shack-Hartmann wavefront sensor and
the more frequently used modal control. The observables here are the
displacements of the stellar images at various positions (zm, ym) on the
Shack-Hartmann wavefront sensor image, with m running from m = 1 to



48 The Black Hole at the Center of the Milky Way

M/2 (there are M measured gradients), across the aperture, which are pro-
portional to the wavefront slopes. The phase that we seek to reconstruct
can be conveniently expressed in terms of Zernicke polynomials Zy(z,y).
These polynomials correspond to individual (k=1 to K) orthogonal phase
front aberration modes like defocus, coma, astigmatism and higher order
modes. In total the phase front can be written as:

K
6= arZi(z,y) . (1.38)

k=1

Here the coefficients a; measure the power contained in that mode.
Since there are M total measurements, half of which account for the phase
gradients in the z-direction and half of which for those in the y-direction,
a set of linear equations is defined:
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This set can be written as a matrix equation s = [B] a, where the vector
s describes the slopes and vector a the modal coefficients:
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The matrix B contains the derivatives of the Zernicke polynomials which
are here taken as the polynomial basis functions. Other sets of basis func-
tions on the pupil annulus that can be used in this context are Karhunen-
Loeve functions. The basis elements need to be linearly independent but
not necessarily orthogonal,
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The solution of this equation is found via the pseudo inverse of matrix
[B] and results in the vector of modal coefficients a :

a=[(BTB)"'BT]s. (1.43)

Knowing the elements of vector a the phase front can be reconstructed.
In order to correct for it and and straighten out the phase across the aper-
ture it is required to drive the deformable mirror with an appropriate signal
that impresses exactly one half of the phase front amplitude onto it. If g are
the gradients that result from the actuator commands this can be written
in the form of a matrix equation: g = [G] a. This assumes that one knows
the dynamic response of the mirror if driven by an individual mode of a
given amplitude coefficient. That response has to be calibrated. One way
of doing this is to expose the mirror to a constant modal injection using an
artificial light source. In this way the elements of a response matrix G can
be measured.

1.4.2 Adaptive Optics Spectroscopy

It is most advantageous to combine high angular resolution with high spec-
tral resolution. For the Galactic Center this allows one to measure spectra
of the high velocity stars closest to Sgr A*. Using NIRSPEC (McLean
et al. 1998, 2000) behind the adaptive optics (AO) system (Wizinowich
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et al. 2000b) on the W.M. Keck II 10 m telescope one can obtain diffrac-
tion limited K-band (2.0 to 2.4 um) spectra and images of stars in the
Sgr A* cluster. Using an optical wavefront sensor, near-diffraction-limited
spatial resolution can be achieved with adaptive optics using the R = 13.2
mag natural guide star located 30” northeast from Sgr A*. Spectra were
obtained using a 2 pixel wide slit (3.96” x0.036”) in low-resolution mode,
resulting in a moderate spectral resolution of R=X/AA=2600 (e.g. Gezari
et al. 2002).

For NAOS/CONICA (see below; Lenzen et al. 1998; Rousset et al. 1998;
Brandner et al. 2002) at the VLT UT4 a set of slits and associated masks
for spectroscopy are available. The slits have a width of 86 mas and
172 mas and a length of 40 arcseconds. The spectral resolutions range
from R=X/AAX=400-1400.

For NIRSPEC and NACO the spectral dispersion is performed via a
set of objectives, sorting filters, and grisms. The grisms are a combination
of a grating applied to one surface of a prism. The sorting filters select a
diffraction order of the grating which is responsible for the required disper-
sion and the prism corrects the beam tilt due to the selected grating order.
This is a compact setup that allows dispersion preserving the overall optical
axis.

Of high value are the observations of the Galactic Center that have been
carried out using near-infrared integral field spectrometers. These devices
use a slicing mirror device that transforms an entire two-dimensional image
into the equivalent of a long-slit. After spectral dispersion onto the detector
chip a three-dimensional data cube can be reconstructed, i.e. one obtains
an image of the object with spectral information for every pixel in the
image (the 3rd dimension in the data cube). This technique is extremely
advantageous for spectroscopy of crowded fields such as the GC stellar
cluster. The 3D camera (Weitzel et al. 1996; Hofmann et al. 1995) was
the first of these systems to be used in the NIR on the Galactic Center.
Recently the near-infrared integral field spectrometer SPIFFI (Tecza et al.
1998; Eisenhauer et al. 2000) has come into operation at the ESO VLT.
Data on the Galactic Center in a seeing limited mode have already been
taken in early 2003 (see Eisenhauer et al. 2003b). Starting in 2004 SPIFFI
will operate in combination with adaptive optics at the VLT (SINFONI;
e.g. Eisenhauer et al. 2003a).
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1.4.3 Adaptive Optics Instrumentation

There are quite a number of operating astronomical adaptive optics sys-
tems. In this section we restrict the discussion to some that have often been
used to observe the Galactic Center. We will give a short summary of the
technical aspects of the adaptive optics systems with which the large body
of recent diffraction limited, or close to diffraction limited near-infrared im-
ages have been obtained. This information may be helpful to assess and
appreciate the high quality of the data sets. It gives important complemen-
tary information that may in some cases be required to better understand
the content or presentation of some of the observations described in chap-
ter 2. These descriptions also represent a record of technical developments
that started at 4 m-class telescopes and ended in highly developed and ef-
ficiently working adaptive optics systems operated at 8 m-class telescopes.

1.4.3.1 NAOS/CONICA

NAOS/CONICA (“NACO”) is the AO system and near-infrared camera at
the ESO VLT unit telescope 4 (UT4; Yepun). The system was installed
in spring/summer 2002 (Lenzen et al. 1998; Rousset et al. 1998; Brandner
et al. 2002). CONICA is the infrared camera and spectrometer attached
to the NAOS AO system. NAOS is installed at one of the UT4 Nasmyth
foci. It picks up an f/15 beam, corrects for atmospheric turbulence and
provides an £/15 beam to CONICA again (Fig. 1.16). Having passed the
Nasmyth focal plane, the beam is led to a first collimating parabola. Then
it is reflected successively onto the tip-tilt and the deformable mirror. The
following dichroic mirror separates the optical train into the imaging path
and the wavefront sensing path. NAOS offers five different dichroic beam
splitters in order to adapt to the flux and the spectral characteristics of
the guide star as well as to the desired observing wavelength. In the imag-
ing path the light is refocused onto the entrance focal plane of CONICA,
which is located behind the entrance window in the cold cryostat. An atmo-
spheric dispersion compensator (ADC) can be positioned between NAOS
and CONICA in case of observations at a high zenith angle. CONICA is
equipped with a 1024x1024 pixel InSb array detector sensitive from 1 to
5 pm.

The wavefront sensing path consists of a field selector (Spanoudakis
et al. 2000) and two wavefront sensors. They are located between the
dichroic mirror and the WFS input focus. The two wavefront sensors, one
in the visible and one in the near-infrared spectral range, enhance the sky
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Fig. 1.16 The ESO adaptive optics imaging system NAOS/CONICA mounted to a
flanch (to the left) of UT4.

coverage of the instrument because bright NIR sources can be used for
wavefront sensing as well as visible guide stars. The field selector chooses
the guide star in a 2 arcmin field-of-view and allows differential object
tracking, pre-calibrated flexure compensation and counter-chopping. In
combination with the deformable mirror it is also able to correct for a
certain amount of defocus, as needed when the prisms of the atmospheric
dispersion compensator are shifted into the beam.

The high angular resolution camera CONICA is equipped with an AL-
ADDIN array (produced by the Santa Barbara Research Center) covering
the 1-5 um spectral region. Splitting the wavelength region into two parts
(1 to 2.5 um and 2.0 to 5 um) allows one to keep the light path achromatic.
Therefore the available pixel scales are realized by seven cameras. To each
pixel scale a camera is associated with the short wavelength region and
another one with the long wavelength region. The only exception is the
camera with the highest magnification. There is no long wavelength coun-
terpart needed. A variety of different observing modes is provided by the
analyzing optics: coronography, low resolution long slit spectroscopy, imag-
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Table 1.1 CONICA NIR broad band
filters  (values taken from the ESO
NAOS-CONICA user manual).

Filter Name Central Wavelength ~ Width

[pm] [pm]
7] 1.66 0.33
Ks 2.18 0.35
L’ 3.80 0.62

ing spectroscopy by a tunable cold Fabry-Perot spectrometer, polarimetry
by wire-grids or Wollaston prisms, and about 40 broad- and narrow-band
filters can be chosen.

The GC stellar cluster was observed several times during the commis-
sioning and science verification of the NACO AO system and near-infrared
camera in spring/summer 2002. In 2003, several epochs of regular H, Kg,
and L’-band GC imaging observations were obtained with NACO (see Ta-
ble 1.1 for the properties of the filters used). For simplicity, we will use
the expressions “K-band” and “L-band” in this book because the differ-
ences in transmission to Ks and L’ are negligible for our purpose. For the
observations in the K- and H-bands, the loop of the AO was closed with
the infrared wavefront sensor on the K~ 6.5 mag supergiant IRS 7, which
is located ~ 5.5” north of Sgr A*. Because of instrument restrictions, AQ
correction for the L-band observations in the 2002 epoch could only be car-
ried out with the visible wavefront sensor, locking on a faint V ~ 14 star
about 30" north-east of Sgr A*. Since 2003, L-band observations of the
GC stellar cluster use the NIR wavefront sensor routinely, as well. NACO
observations of the Galactic Center are typically made in blocks of several
tens of short exposures images, with typical integration times of ~ 15s for
H- and Kg-band and 0.2s for L’-band observations. The performance of
the NAOS AO system depends strongly on the momentary atmospheric
turbulence, especially on coherence time, but Strehl ratios as high as 50%
in H-band, 50-70% in K band and about 90% in L-band can be routinely
achieved when observing the Galactic Center under good conditions. The
unique NIR wavefront sensor of NAOS in combination with the bright ref-
erence star IRS 7 close to Sgr A* make NAOS/CONICA at the ESO VLT
currently the best suited instrument for observations of the GC stellar clus-
ter, especially since the GC passes close to zenith at the ESO Paranal site
and therefore allows for long integration times at small airmasses.



54 The Black Hole at the Center of the Milky Way

1.4.3.2 NIRC?

The Near-Infrared Camera 2 (NIRC2) is a facility near-infrared instrument
(e.g. McLean & Sprayberry 2003b) designed to take full advantage of the
adaptive optics on the Keck II telescope (Wizinowich et al. 2000b). It is
equipped with a Shack-Hartmann wavefront sensor which is locked on the R
= 13.2™ natural guide star (USNO 0600-28579500) for observations of the
Galactic Center. This star is located about 30” away from Sgr A*. NIRC2
is in operation since the middle of 2001. NIRC2 is positioned behind the AQ
bench on the Left Nasmyth Platform of Keck II. The instrument operates
over a wavelength range of 1 to 5 um, providing three selectable cameras to
cover the expected range in image sizes. Two filter wheels with 18 positions
each provide a variety of filters and/or grisms, while a focal plane mech-
anism provides slits and occulting masks for coronography. A dedicated
slide carries larger grisms for spectroscopy. Six selectable pupil masks are
available to reduce background noise sources; four of these rotate in concert
with the telescope pupil and one serves specifically for spectroscopy. The
detector is a 1024x1024 Aladdin-3 InSb array with four-quadrant readout
into 32 channels. NIRC2 was used for the first measurement of an absorp-
tion line in the star SO-2 that is on an orbit around the supermassive black
hole (Ghez et al. 2003Db).

1.43.3 PUEO

The adaptive optics system PUEO was developed for the Canada-France-
Hawaii Telescope (CFHT), based on F.Roddier’s curvature concept (Rod-
dier 1991; Arsenault et al. 1994). It is a facility instrument mounted at
the /8 Cassegrain focus of the CFH 3.6 m telescope on top of Mauna Kea,
Hawaii. The instrument is equipped with a 19 element optical curvature
wavefront sensor (Graves & McKenna 1991; Arsenault et al. 1994; Graves
et al. 1994), and a 19 electrode bimorph deformable curvature mirror, all
under control of a Real Time Computer (see Rigaut et al. 1998). The sys-
tem was commissioned at the CFHT during three runs in the first semester
of 1996. PUEO has only few mainly reflecting optical parts (Richardson
1994). Off-axis parabolic mirrors allow for a compact instrument with small
optical components resulting in reduced flexures. Davidge et al. (1997) car-
ried out JHK observations of the Galactic Center covering a mosaicked field
of approximately 12”7 x12”. The data was combined with L-band data by
Simons & Becklin (1996). Main goal of the project was the investigation
of the stellar content of the central ~0.7 parsec diameter star cluster sur-
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rounding Sgr A*. The data was reduced using point spread fitting routines
installed in standard data reduction programs. Further observations of the
GC stellar cluster using PUEO at the CFHT were performed in 1998 (see
Paumard et al. 2001).

1.4.3.4 ADONIS

For several years the adaptive optics system ADONIS (Beuzit et al. 1997;
Bonaccini et al. 1997; Hubin 1997) was available at the ESO 3.6 m telescope
at La Silla, Chile. In this system, atmospheric wavefront distortions are
measured with a Shack-Hartmann sensor at visible wavelengths and are
corrected by a deformable mirror with 52 piezo actuators. This mirror is
driven by a closed control loop with a correction bandwidth of up to 17 Hz.
The natural guide star within the near-infrared isoplanatic patch must be
brighter than about my=13. The AO system was also used in conjunction
with a prototype of the VLT infrared wavefront sensor.

For recent AO measurements with ADONIS Clénet et al. (2001) used
both the optical and the RASOIR prototype infrared wavefront sensor. For
optical sensing the R=13.8" star 16” north and 15” east and for infrared
sensing the bright supergiant IRS7 located about 5.5” north of Sgr A*
were used. For their measurements in the 3-5 micrometer range Clénet
et al. (2001) used the COMIC camera (Bonaccini et al. 1996), at the /45
Cassegrain focus, which provides an image scale of 0.1” /pixel, resulting in
a field of view of 12.8“x12.8“. The COMIC detector is a 128 x128 HgCdTe
photovoltaic focal plane array. At 77 K, the average dark current is 2000
electrons per second and the total capacity is about 6x108 electrons. The
readout noise is about 1000 electrons rms allowing to observe under condi-
tions of background limiting performances (BLIP) for individual exposure
times larger than 500, 260 and 150 ms for the L-, L’- and M-bands respec-
tively (Lacombe et al. 1998). In the -, L’-, and M-bands, one can observe
in a chopping mode, alternating object and sky images using a field selec-
tion mirror. For the Galactic Center observations an offset position 20” to
the south and 10" to the east was chosen.

1.4.3.5 HOKUPA’A

Hokupa’a is a natural guide star (NGS), curvature-sensing adaptive optics
system (AOS) built by the University of Hawaii (Graves et al. 2000, 1998).
It was originally built for 4 m-class telescopes but is successfully used to
improve the image quality at the 8 m-class Gemini North telescope. The
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corrected output beam of Hokupa’a is fed at £/26 to a near-infrared cam-
era (QUIRC). With QUIRC operating in the 1-2.5 ym wavelength bands,
the system provides a fixed plate-scale of 20 milli-arcseconds per pixel.
This results in diffraction limited images at H- and K-band. Hokupa’a is
based on a 36-element curvature wavefront sensor (WFS) in combination
with a bimorph mirror. The AO system was constructed to deliver images
with near diffraction-limited resolutions at 2.2 microns with seeing of 1”
or better. Under favorable seeing conditions, a FWHM of about twice the
diffraction limit can be achieved in the J-band.

The Gemini North observatory Galactic Center Demonstration Science
Data Set with imaging observations from the year 2000 is publicly available.
This data set provides NIR observations of the Galactic Center stellar clus-
ter with the Gemini North telescope, the QUIRC near-infrared camera and
the Hokupa’a AO system. Since the Hokupa’a AO system was designed for
a 4 m-class telescope, it could only partially provide the correction needed
for the 8 m-class Gemini telescope. Moreover, the visible guiding star used
for the observations is located at ~ 30” from Sgr A*, so the Strehl ratio of
the image is rather low. However, the central sources around Sgr A* are
clearly resolved at an estimated resolution of 100 mas.

1.4.3.6 FASTTRAC

FASTTRAC is a rapid guiding unit that was used several times to observe
the Galactic Center. It was operated at the Steward Observatory Bok
(2.3 m) telescope in the early 90’s. The FASTTRAC instrument (Close
& McCarthy 1994) incorporates a tip-tilt Cassegrain secondary mirror to
rapidly (<100 Hz) stabilize image motion during long exposures. It utilizes
a high-speed InSb camera onto which a guide star — IRS7 in the case of the
Galactic Center — is imaged via a small pick off probe mirror. The infrared
science camera is based on a 256 x256 NICMOQOS3 array with a pixel scale of
0.21” and an overall field of view of 54” x54”. Given its speed and separate
control loop it can be regarded as a low-order adaptive optics system. It was
mainly used to search for an infrared counterpart of Sgr A* and investigate
its variability (Close et al. 1995) and to examine the population of hot stars
in the central cluster (Tamblyn et al. 1996).
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1.5 Cleaning and Deconvolution

When an image of some object is produced with any kind of optical system,
this image will suffer a certain degradation because of the general limita-
tions of the instrument and because of the influence of numerous external
factors. For example, in the absence of an atmosphere or other degrad-
ing factors, the image of a point source, such as a very distant star, by an
aberration-free telescope with a circular aperture will always be the familiar
Airy pattern. This pattern arises because the limited size of the telescope
will truncate the information on the spatial frequencies of the object. A
perfect point image could only be produced with an infinitely large aper-
ture. When using ground-based telescopes, the most important additional
source of image degradation is the turbulence in the Earth’s atmosphere.
The consequence of the combined influences of the instrument, the atmo-
sphere, and other external factors is that the image of a point source will
be characterized by a specific function, the so-called point spread function
(PSF). This function will generally vary with time, e.g. due to temporal
variations associated with the instrument or due to the limited atmospheric
coherence time, as well as with the position in the imaging plane, e.g. due
to the limited size of the isoplanatic angle.

Generally, the observed signal, g(z,y), can be expressed by the convo-
lution of the observed object, f(x,y), with a function describing the PSF,
h(x,y), plus an additional term, c(x,y), that includes the remaining degra-
dation effects, such as anisoplanaticity, detector read-out noise and other
non-linear terms:

9(z,y) = f(z,y) © hlz,y) + c(z,y)- (1.44)

The symbol ® denotes the convolution operator.

There are two ways how one can improve the imaging process. On the
one hand, there are technical achievements, such as improving the imaging
quality of the telescopes, reducing detector noise, or suppressing the influ-
ence of the atmosphere by using techniques such as adaptive optics or even
launching a telescope into space. On the other hand, in spite of all possible
improvements, there will always remain PSF residuals and the Airy pat-
tern, of course, which will for example hamper the detection of faint sources
near bright stars or complicate the photometry of sources with overlapping
PSFs. Therefore it is always desirable to improve astronomical images fur-
ther by reducing the degrading influence of the PSF with an appropriate
deconvolution algorithm. This “cleaning” of astronomical images can be
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roughly illustrated by stating that the PSFs of point sources are replaced
with Gaussian PSF's that have a FWHM comparable to the diffraction limit
of the respective telescope used.

Convolution corresponds to a multiplication in Fourier space. Thus, in
the case that the image is free of noise and free of non-linear effects such
as anisoplanaticity, one would obtain the Fourier transform of the original
object distribution by a simple division in Fourier space:

G(u,v)
H(u,v)’

Here, G(u,v), F(u,v), and H{u,v) denote the Fourier transforms of the
observed signal, g(z,y), of the object, f(z,y), and of the PSF, h(z,y). u
and v are the spatial frequencies corresponding to the z and y coordinates.
We have ignored here that H(u,v) will have zero values at high frequencies

F(u,v) = (1.45)

because a telescope cannot be infinitely large and therefore information at
high spatial frequencies will be lost. In practice, one will also encounter
additional problems: the term c(z,y) — with its Fourier transform C(u, v)
— that describes the image degradation through noise or non-linear effects,
can never be neglected. Also, the shape of the PSF will never be known with
arbitrary accuracy. It is usually approximated analytically or extracted
from individual point sources in the observed image.

Because of these limitations, deconvolution is always an ill-posed prob-
lem that allows for more than one solution. The existing deconvolution
algorithms intend to overcome the difficulties by various approaches in or-
der to find the most probable object distribution. In the following sections
we describe some algorithms that were used in the case of the Galactic
Center.

1.5.1 Linear Deconvolution

The linear deconvolution techmnique departs from the straightforward
Fourier space devision suggested by Eq. (1.45). The linear deconvolution
tries to circumvent the problems that the Fourier transform of the PSF is
not known to arbitrarily high frequencies and that the noise term becomes
dominant at high frequencies by constructing an appropriate filter, a so-
called Wiener filter, that suppresses high spatial frequencies. In Fourier
space, the reconstruction of the object can then be described as

[G(u,v) + C(u,v)] - ®(u,v)

O(u,v) = H(u,v) ’

(1.46)
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where ® designates the filter function and C is the Fourier transform of
the noise term. The filter is chosen such that the square of the deviations
between the reconstructed object O(u,v) and the “true” object F(u,v) is
minimized, i.e.

/+00 |0(u, v) — F(u,v)d(u,v) = Minimum. (1.47)

—o0

Using Eqgs. (1.45) and (1.46) we obtain
/+°° [G(u,v) + C(u,v)] - ®(u,v)  G(u,v)

- ? = Mini : .
Hw,0) H, U)I inimum (1.48)

—0o0

In order to find the filter ®(u,v) that minimizes this function, we have
to derive this equation with respect to ®(u,v) and set the result equal to
zero. We point out that because the signal and the noise are uncorrelated
(G, v) - Clu,v))d(u,v) =0 .

— 0

We finally obtain

|G(u, v)I?
|G(w, )2 + |C(u, v)]*

In practice, we can estimate the structure of ®(u,v) by replacing the spec-
tral energy distribution of the observed signal, |G(u,v){?, with the spectral
energy distribution of the observed PSF, |H(u,v)|2. The spectral energy
distribution of the noise, [C(u,v)|?, can be replaced in a good approxima-
tion by the Fourier transformation of a delta function, |d(u,v)|?. Taking
into account that the power spectrum of a function is the product of its
Fourier transform with its complex conjugate, we obtain from Eq. (1.46)

&(u,v) = (1.49)

G(u,v) - H{u,v)
|H (u, v)[? + 6(u, 0)[2’

F(u,v) = O(u,v) =~ (1.50)
where H(u,v) denotes the complex conjugate of H(u,v). The noise term
C(u,v) in Eq. (1.46) was neglected when deriving Eq. (1.50).

Application of Wiener filtering leads to a characteristic “ringing” around
point sources in the reconstructed image. There are two main reasons for
ringing that is not linked to diffraction: a) extraction of the PSF in image
space and b) apodization of the PSF in Fourier space. The influence of a
characteristic pattern due to the PSF extraction can be reduced by avoiding
to cut out the PSF with a function that has steep flanks. The cause for the
ringing due to apodization can be described in a simplified way as follows:
since in practice we cannot know the PSF H(u,v) up to infinitely high
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frequencies, we have to cut off H(u,v) at some upper frequencies u and
v. In the most simple case, this cutting off is done by multiplication with
a boxcar function. The Fourier transform of such a boxcar function is a
function of the form sin(z)/z in the image domain, and is a major source
of ringing.

1.5.2 Lucy-Richardson Deconvolution

The Lucy-Richardson (LR) deconvolution algorithm is an iterative method
based on the scheme for the rectification of observed probability distri-
butions (Richardson 1992; Lucy 1974). The LR method is based on the
iteration of three steps. In the first step, the current estimate of the object
distribution, O(z,y) is convolved with the PSF, H(z,y).

\Iik(l‘,y) = Ok(xvy) © H($7y) (1'51)

Subsequently, the obtained image, ¥y (x,y), is compared with the observed
image, G(z,y).
G(z,y)
R(z,y) = ——= © H{(x, 1.52

@9) = gy O HE@Y) (1.52)
Here, the convolution with the PSF acts as a low-pass filter that reduces the
influence of high frequencies on the result because they are affected much
stronger by noise. In the last step, the current object estimate, Ox(x, y), is
multiplied with the correction function, R{x,y) in order to obtain the new
estimate

Orkt1(z,y) = R(z,y) - Ok(,9)- (1.53)

Because of Eq. (1.52), high spatial frequencies will be suppressed, thus
avoiding the amplification of noise peaks. As a consequence, however, de-
tails of the image that are related to high frequencies (e.g. close double
stars) will only be adequately resolved after a sufficient number of itera-
tions has been carried out (in our experience on the order of a few 10%).
The disadvantages of LR deconvolution are the high demand for comput-
ing time, its tendency to resolve the diffuse, noisy background into distinct
point sources when running a large number of iterations, and the effect that
in the case of close sources that differ by several magnitudes the fainter one
will be “sucked” up by the brighter one. This leads to characteristic dark
areas around bright stars. The latter problem can be minimized effectively
by a very accurate determination of the PSF.
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1.5.3 Estimating the PSF

For most deconvolution algorithms such as linear or LR deconvolution one
needs to find an estimate for the image PSF before the deconvolution al-
gorithm can be started. Such a PSF estimate can be obtained from a PSF
reference source, such as an isolated star that was observed close in time
to the observation of the scientific target and under similar atmospheric
conditions. Alternatively, one can try to determine the PSF directly from
the observed field. In the case of Galactic Center observations, for example,
there is a bright (K~6.5) reference star just 5.5” north of Sgr A*. It is
more than 5 magnitudes brighter than any other source located within ~ 2”
of it and thus is very well suited as a PSF reference. The PSF can also
be estimated by taking the average image of several fairly isolated stars in
the field of view. In the case of crowded fields, it is preferable to use the
median image in order to avoid the influence of sources close to the PSF
reference stars.

In crowded fields that were observed under bad seeing conditions the
wings of the point sources may be so extended that it is difficult to extract
a PSF even when using the median of many stars. In that case one can
try to model the whole PSF or to extract the kernel of the PSF from the
observed stellar field and to model just its wings. A Moffat function is
usually well suited for this purpose.

The StarFinder software package (Diolaiti et al. 2000) ! is an ideal
tool for extracting PSFs in crowded stellar fields. It estimates an initial
PSF from the median of several bright, preferably isolated stars chosen by
the user. The PSF can then be improved by repeatedly identifying stars
in the image and taking them into account when re-extracting the PSF.
StarFinder can also be used for obtaining fluxes and positions of stars via
PSF fitting.

A remaining limitation on the accuracy of the PSF is always the isopla-
natic angle. In spite of some ongoing efforts in the community on including
the spatial variation of the PSF across an image in deconvolution pro-
cedures, no satisfying solution to the problem has been found yet. This
means that a certain PSF estimate can only be used for deconvolution of
areas corresponding in size to the isoplanatic patch.

L StarFinder is an IDL code for the analysis of crowded stellar fields, specifically
developed for AO imaging. It can be obtained at the StarFinder page at the University
of Bologna: hitp://www.bo.astro.it/~giangi/StarFinder/.
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1.5.4 Iterative Blind Deconvolution

Iterative blind deconvolution (IBD) is an algorithm that reconstructs the
object distribution in an astronomical image and the PSF at the same time
{Jefferies & Christou 1993). In order to achieve this aim, the algorithm
takes advantage of a prior: information on the astronomical image. Such
constraints on the object distribution, f(zx,y) and on the PSF, h(z,y), are
for example:

(1) f(z,y) and h(z,y) must both be positive (Positivity Constraint).

(2) They must convolve to yield the measured signal.

(3) They must occupy finite nonzero regions in the image domain.

(4) They must not be the trivial solution of the convolution of the observed
signal with a delta function.

Other constraints can also be applied. A very useful one is, for example,
that multiple images of the same object are constrained to have a common
object. Hence, effective use can be made of the multiple images usually
delivered by speckle imaging or adaptive optics observing techniques.

In IBD an error metric function is introduced to measure the violations
of the above constraints.

€= Ejy, + Ecom) + By + Ery (154)

E;n is the image domain error. It can be described by the sum of the
squares of the negative pixels in the estimate of the object and of the PSF.
E.onv is the convolution error. It measures the quadratic deviations of the
convolution of the object and PSF estimates from the measured image. Ey,
is the band-limit error and measures the power that is contained in the
PST estimate at frequencies higher than an appropriate cutoff frequency
(because the PSF cannot be known to arbitrarily high frequencies). The
Fourier modulus error, Erjs, measures whether the estimated object con-
tains information at frequencies higher than the diffraction limited cutoff.

Convergence is reached via the minimization of the error metric €. For
this purpose, the algorithm uses the conjugate gradient method as described
in Press et al. (1989). In order to apply the conjugate gradient method,
the derivative of the error metric with respect to each variable, i.e. each
pixel in the object and PSF estimates, has to be calculated (see Jefferies &
Christou 1993).

Every deconvolution algorithm needs some kind of a priori information
about the image. The advantage of the IBD algorithm is that it uses
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very general constraints. The frequent problem of finding an accurate PSF
estimate for deconvolution is avoided in IBD. In principle, one can even
start with a white noise PSF, although this would be very time consuming.
While we have found IBD to work less well on single images, we have
found that it can make effective use of multiple images of the same object,
which poses tight constraints on the object distribution. In speckle and
AO imaging observations it is common to obtain several tens to hundreds
of short exposure images of the same object.

An implementation of the IBD algorithm is the publicly avail-
able IDAC program code, developed at Steward Observatory by Matt
Chesalka and Keith Hege (based on the earlier Fortran Blind Deconvo-
lution code - IDA - developed by Stuart Jefferies and Julian Christou).
We would like to refer the interested reader to the IDAC home page
http://babcock.ucsd. edu/cfao_ucsd/idac/idac_package/idac_index. html.

As for the disadvantages of IBD, using this method effectively requires
considerable experience of the user. Also, artefacts in the deconvolved
images cannot be completely avoided. Above all, one has to mention the
strong demand of computing power. We have found that deconvolution
with current average PCs or workstations is not practical for arrays larger
than about 256 x 256, when using more than about 100 input images.

1.5.5 Comparison of Deconvolution Algorithms

In the upper left panel of Fig. 1.17 we show a simple shift-and-add (SSA)
image of about one hundred 0.5 s-exposure speckle imaging frames of the
GC IRS 16 cluster observed with SHARP at NTT in 2001. A linear de-
convolution of this image can be seen in the upper right panel. The lower
left and right panels show a LR and an IBD deconvolution, respectively, of
the SSA image. It can immediately be seen, how deconvolution facilitates
the detection of sources that are located in the broad PSF wings of bright
stars.

The maps resulting from the different deconvolution algorithms com-
pare very well among each other and with the SSA image. The advantage
of deconvolution becomes clear because the deconvolved maps are much
richer in detail. In the linearly deconvolved map the “ringing” effect can be
seen around the brighter sources. Some artefacts can also be seen around
the brighter sources in the LR and IBD deconvolved images, but they are
less grave than in the case of linear deconvolution. A typical problem is
the blank areas around bright sources, where faint sources cannot be recon-
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Fig. 1.17 The effect of image deconvolution demonstrated for the central 6.4” x6.4”
including the IRS16 complex at the Galactic Center. Upper left panel: SSA image
of the IRS 16 cluster as seen by SHARP at NTT In 2001, Upper right panel: linear
deconvolution. Lower left panel: deconvolution with IBD (IDAC). Lower right: LR
deconvolution. The LR and IBD deconvolved maps were smoothed with a Gaussian of
FWHM 100 milli-arcseconds.

structed reliably. The rings around the brighter sources in the IBD map
are probably caused by restricting the initial estimate PSF to a limited size
with a circular aperture, i.e. a sharp cut off at high frequencies.

For a comparison of the results of deconvolution methods and an assess-
ment of their reliability applied to various data sets, we show in Fig. 1.18
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Fig. 1.18 Comparison of the final image processing results for different epochs and
data from different telescopes. A 2.5” x2.5” area centered on the position of Sgr A* is
shown. The FWHM of the restoring beam was approximately 100 mas in all the images.
Upper left: SHARP/NTT 2001, deconvolved with IBD; upper right: SHARP/NTT 2001,
deconvolved with LR; lower left: Gemini 2000 (LR); lower right: NACO 2002 (LR). The
bright sources at the left and upper edges of the field were saturated in the latter two
data sets and therefore show ample deconvolution artifacts in form of rings. Contours
were drawn at 10, 20, ... 90, 100, 200, 400% of the peak flux of S2, the source closest
to the center in all images. Some small differences between the maps arise due to the
fact that they cover different epochs and that the stars near the center have fast proper
motions.
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Gemini 2000, SHARP 2001 (IBD and LR), and NACO 2002 maps, all of
them restored to a FWHM of ~100 mas. It can be seen that the maps
compare very favorably with each other, apart from artefacts introduced
by source saturation in the Gemini and NACO images. Since the maps
cover different epochs, some differences due to fast stellar proper motions
near the center of the images can also be seen.

1.6 Future IR Interferometry

High-resolution imaging at the diffraction limit of 4 m to 8 m-class tele-
scopes using speckle interferometric techniques as well as adaptive optics
has provided some of the strongest evidence for the presence of a massive
black hole at the center of the Milky Way. In addition, the investigation
of the stellar populations within the central stellar cluster has resulted in a
number of unsolved questions mostly related to the presence of apparently
young and luminous stars and the related possibility of star formation in
that region. In order to work towards a solution of these questions and to
explore and utilize the laboratory to probe physics in the direct vicinity of
the supermassive black hole an even higher angular resolution is desirable.
Given that both high angular resolution and sensitivity will be required,
this can only be achieved by interferometry with large apertures or by even
larger single telescope apertures than are available today. The large aper-
tures are needed in order to study in detail the rapidly variable infrared
emission from the source at the position of Sgr A* (see section 2.13.4).

The diameters of large single dish apertures will be in the range of 30
to 100 m. The most advanced studies of extremely large telescopes (ELT)
are those for the OverWhelmingly Large telescope (OWL; Gilmozzi et al.
2001), the California Extremely Large Telescope (CELT; Nelson 2000b,
2003), and the Euro50 Extremely Large Telescope (Andersen et al. 2003).
The interferometric Large Binocular Telescope (LBT, see below; e.g. Hill
1997; Herbst et al. 2000; Straubmeier et al. 2003) can be regarded as one
of the first ELTs that is already under construction.

While single extremely large telescopes (ELTs) are currently being de-
signed, a number of interferometers working in the infrared have already
started operation or are close to that point. Here we outline some of their
technical specifications and how they can be used to improve our knowledge
about the Galactic Center. Before continuing, we would like to point out to
the reader an important difference between interferometry at radio to sub-
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millimeter wavelengths and at infrared (and optical) wavelengths: in the
radio domain, coherent detection of the signals with heterodyne receivers
is possible. The correlation is then done after mixing the signal to a lower
intermediate frequency. In the infrared domain, however, interferometry is
done with Michelson interferometers. This means that the light beams from
different apertures must be combined before they reach the detector. The
accuracy and high transmission needed for the respective beam delay lines
makes interferometry at infrared (and optical) wavelengths so challenging.

Future IR interferometric observations (e.g. Eckart et al. 2002b, 2003a;
Paresce et al. 2003) will allow us to resolve several individual sources in the
central stellar cluster that already appear to be partially resolved with large
single aperture telescopes. Here especially the interferometric investigation
of individual sources in the MIR domain will be (and is already) possible
(see also results in Fig. 1.20 and section 2.12.1). This will cover mostly the
dust embedded objects like IRS 1, 3, 13, and 21. Studies on the binarity
of stellar systems may be important to analyze their formation and the
overall dynamics. The bright blue He-star IRS 16SW has already been
identified as a possible binary star (Ott et al. 1999). Tracing high velocity
stars (Ghez et al. 2003a; Schodel et al. 2003) — as well as finding them in
the extremely crowded cusp region around the central massive black hole
at the position of Sgr A* (Genzel et al. 2003b) — is definitely a goal for
interferometry. For the Galactic Center it is especially the future dual-feed
capability of the fully mature VLTI system via the PRIMA instrument,
the Keck interferometer, as well as the large FOV interferometric imager
at the LBT, LINC/NIRVANA (see references below) that will allow us to
obtain valuable results of unprecedented quality. IR interferometry will
also reach full maturity at a time when other interferometric instruments
at different wavelengths will be fully operational, e.g. the Atacama large
mm-wavelenght array ALMA. The means it will have passed most of the
upgrades to shorter and longer wavelengths and 4 auxiliary telescopes (AT)
of 1.8 m diameter will have been installed.

1.6.1 VLTI

The VLTI will allow sensitive interferometric observations with a very large
collecting area and a suite of high-throughput beam combiner instruments.
In the NIR domain the VLTI will allow for baselines of the order of up to
200 m and an angular resolution of the order of 1 milli-arcsecond (mas)
(Fig.1.19). A combined observation using the four 8.2 m diameter unit-
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telescopes (UT) as well as four 1.8 m diameter auxiliary telescopes (AT) will
provide a total collecting area of approximately 220 m? (e.g. Eckart et al.
1997; Glindemann et al. 2003). In total the site can host up to 8 telescopes
with 8 delay lines. In addition to VLTI several high angular resolution,
high sensitivity interferometric facilities will go online. Currently AMBER
(e.g. Richichi et al. 2000) allows for three beam interferometry in the NIR
(1-2.5 pm) with expected limiting magnitudes of K=14 and K=20 with
a bright reference source. Interferometric spectroscopic observations with
R=10,000 will be possible. In the MIR MIDI (e.g. Leinert & Graser 1998)
is operational with an angular resolution of 20 mas on a 100 m baseline
covering the the N-band (8-13 um, expandable to Q-band 17-26 um). Here
limiting magnitudes are N=4 and 5.8 (with reference source). For both
instruments the field of view (FOV) is of the order of +1”.

AT rail track

- unit telescopes 1-4

o - auxiliary telescope (AT)
stations

-

beam combination
laboratory

delay line tunnel

—, )
% circle with

# 200 m diameter
Treresere”

Fig. 1.19 Schematic view of the ESO Paranal site showing the locations of the 8.4 m
diameter UTs and the possible locations of the ATs along with the delay line tunnel.
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Fig. 1.20 Fringe amplitude as a function of delay channel obtained with MIDI and the
VLTI on IRS 3 in the central stellar cluster (Eckart, Pott et al., in preparation).

The effective FOV will be significantly increased with PRIMA within
the next few years (e.g. Quirrenbach et al. 1998; Glindemann & Lévéque
2000).The objective of PRIMA is to enable simultaneous interferometric
observations of two objects — each with a maximum size of 2 arcsec — that
are separated by up to 1 arcmin, without requiring a large continuous field
of view. PRIMA will enhance the VLTI performance in several ways. The
limiting magnitude will be shifted to K=15-20, allowing imaging of faint
objects with high angular resolution (<10 milli arcsec) and high precision
(<10 pas) astrometry.

On March 17, 2001, the VLT interferometer saw for the first time in-
terferometric fringes on sky with its two 40 cm diameter test siderostats
on a 16 m baseline. Seven months later, on October 29, 2001, fringes at a
wavelength of 2.2 ym were found with two of the four 8.2 m Unit Telescopes
(UTs), named Antu and Melipal, spanning a baseline of 102 m (Schoeller
et al. 2003).

Recently — on 8 July 2004 — Eckart, Pott et al. have carried out
first mid-infrared interferometric observations of a number of bright 10 pum
sources within the central stellar cluster using MIDI and the 47 m UT2/UT3
baseline (see section 2.12.1). In Fig.1.20 we show the fringe amplitude that
was obtained on the source IRS 3 as a function of the delay channels.

1.6.2 Keck Interferometer

The KI will operate over a maximum baseline of ~85 m with a resolution of
the order of 6 mas in the NIR (e.g. Colavita 2001). Its collecting area will
be dominated by the two 10 m class telescopes and will amount to about
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160 m?. Auxiliary telescopes are foreseen as well. Similar to the VLTI a
two channel capability will allow measurements of a bright reference source
for fringe tracking over angles of =2 arcminutes.

First fringes of the system using the 40 cm test siderostats were achieved
in February 2001, followed by first fringes using the two 10 m Keck tele-
scopes with their adaptive optics systems on the night of March 12, 2001
(Colavita 2001).

1.6.3 LBT LINC/NIRVANA

The LBT consists of two 8.4 m diameter mirrors in one single mount over
a fixed baseline of 14.4 m. First light with a single mirror is anticipated
to be in 2005. Interferometric first light (with two mirrors) will probably
be around 2006. The 110 m? collecting area samples virtually all baselines
ranging from 0 to 22.8 m and the resolving power at 1.25 pm wavelength
will be ~9 mas. The NIR beam combination will be carried out by LINC
(e.g., Herbst et al. 2000; Straubmeler et al. 2003). The LBT as a Fizeau
interferometer will have an exceptionally large imaging FOV of the order of
at least 1 arcminute. Using MCAOQO techniques (multi conjugate adaptive
optics) this will be extended to at least 2 arcminutes.

The LBT will be ideally suited for a number of GC investigations. The
entire central cluster can be imaged at a high angular and high time reso-
lution in snapshot mode. Deep studies of the distribution of stellar popula-
tions, the variability of individual sources, including Sgr A*, and a search
for stars orbiting the central black hole at small distances (see Rubilar &
Eckart 2001) will be possible with the LBT interferometer in a very efficient
way.



Chapter 2

Observational Results

The compact emission from the astronomical source Sagittarius A* (Sgr A¥)
was first discovered at radio wavelengths in 1974. It was almost immedi-
ately associated with a potential massive black hole at the center of the
Milky Way. The evidence for that grew stronger as the knowledge about
the mass distribution in the central parsec improved via studies of gas and
stellar dynamics. Observations in the infrared domain allow one to pene-
trate the ~25-30 magnitudes of extinction present at visible wavelengths.
Measurements with the most recent observatories and cameras show that
the distribution of mass is consistent with a compact supermassive object
of 3 -4 x 105 Mg. In chapter 3 we will discuss the astrophysical reason-
ing that leads to the conclusion that this mass concentration cannot be
stable in any physical configuration other than a massive black hole. As
expected by theory this most unusual object was found to be located in
a small central region with a cusp-like over-density of high velocity stars
that are moving at speeds up to several 1000 km s~!. We now know that
the central object is associated with an X-ray and infrared source that is
highly variable in time showing numerous flares of emission on a daily basis.
In this chapter we outline the observational results that have lead to our
current knowledge about the properties of the stellar cluster, the stars, the
interstellar medium, and the physics of the black hole at the center of the
Milky Way.

2.1 The Discovery of Sagittarius A*

The first detection of a compact source at the center of our Galaxy was
achieved in the radio domain by Balick & Brown (1974). Details of the
history of that discovery are given in Goss & McGee (1996) and Goss et al.

71



72 The Black Hole at the Center of the Milky Way

(2003). An inspiring theoretical prediction that led to that discovery was
made by Lynden-Bell (1969) and Lynden-Bell & Rees (1971). They pointed
out a possible similarity between distant quasars (i.e. the active nuclei of
galaxies at cosmological distances) and the activity at the center of the
Milky Way. The authors realized that radio interferometry would be a well
suited tool to study the proposed similarities and to search for a possible
black hole at the center of the Galaxy. The discovery of Sgr A* itself
dates back to February 1974. Bruce Balick and Robert L. Brown used a
combination of the three-element Green Bank interferometer with a 45 foot
antenna located at a distance of 35 km in Huntersville West Virginia. At
wavelengths of 11 and 3.7 cm the obtained angular resolutions were 0.7”
and 0.3”, respectively. The sensitivity of, and the baseline between the
combined telescopes were more than adequate to resolve the ~25 Jy of
extended emission from the Sgr A West complex, which led to the discovery
of a compact source with a flux of 0.6 Jy and 0.8 Jy at 11 cm and 3.7 cm,
respectively. Brown (1982) first used the name Sgr A* (spoken “Sagittarius
A star”) in order to distinguish the compact source from the more extended
emission of the Sgr A West complex.

The first successful detection of Sgr A* with Very Long Baseline Inter-
ferometry (VLBI) was made by Lo et al. (1975) in May 1975 using a 242 km
baseline between the Owens Valley Radio Observatory (OVRO 40 m an-
tenna) and the NASA Goldstone 64 m antenna at a wavelength of 3.7 cm.
The angular resolution of this constellation was of the order of 50 mas and
the derived upper limit on the source size assuming a single component was
20 mas. The measured flux density of the compact source was 0.6 Jy at
3.7 ecm. Combining the results of various measurements the authors sug-
gested that the emission of Sgr A* may be variable in time. Lo et al. (1975)
also found that the compact radio emission was “nearly centered” on the
stellar cluster observed by Becklin & Neugebauer (1975) at 2.2 pm with an
angular resolution of 2.5 arcseconds.

After this detection it was still unclear whether the compact radio source
was really associated with the nucleus of our Galaxy. The possibility of a
background source, associated with an extragalactic object, was successfully
excluded after the detection of the secular motion of Sgr A* by Backer &
Sramek (1982). Secular motion manifests itself as an apparent movement of
Sgr A* in the Galactic Plane with respect to extragalactic (i.e. geometrically
much more distant) sources and is a direct consequence of the motion of
our sun around the center of the Milky Way. Current measurements of the
proper motion of Sgr A* were obtained with two different experiments. Reid
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et al. (1999) used the VLBA over a period of 2 years and Backer & Sramek
(1999) the NRAO Very Large Array over a period of 16 years. Both groups
found very consistently that the apparent motion of Sgr A* lies almost
entirely in the plane of the Galaxy. At the position of the sun, which lies in
the Galactic Plane at about 8 kpe from the dynamical center, the observed
proper motion of Sgr A* relative to extragalactic sources of 6+0.4 mas yr !
translates into a circular rotation speed of 220 + 20 km s~1. Therefore the
apparent proper motion of Sgr A* was found to be consistent with Sgr A*
being at rest at the center of the Milky Way. The obtained data show
that any residual proper motion of Sgr A*, with respect to extragalactic
sources, is less than about 20 km s™!, This slow velocity strongly supports
the assumption that the source Sgr A* is directly located at the dynamical
center of the Milky Way, since an eventual foreground source (i.e. a non-
thermal radio source located between the solar system and the Galactic
Center and circling the center of the Milky Way at a similar speed as the
sun) would have a different projected velocity. In a next step, assuming
dynamical equilibrium between Sgr A* and the fast moving stars in the
cluster in which it is embedded, the very small residual proper motion of
Sgr A* leads to a conservative lower limit of the mass of Sgr A* of more
than 1000 Mg. More information on the size, spectrum, and polarization
of Sgr A* in the radio domain is given in chapter 2.13.

2.2 Large-Scale Structures at the Galactic Center

The large-scale structures in the GC can be studied most conveniently in
the radio and X-ray wavelength regimes, where the high extinction does
not interfere with the observations. LaRosa et al. (2000) presented a wide-
field VLA image of the Galactic Center region at a wavelength of A =
90 cm (Fig. 2.1). Centered on Sgr A, the image covers an area of 4 x
5 deg? with an angular resolution of 43 arcseconds (see also Pedlar et al.
1989; Anantharamaiah et al. 1991). At a wavelength of A = 90 cm the
observations are sensitive to both thermal and non-thermal emission and
result in an image of unprecedented completeness of the large-scale radio
structures in this region.

The most notable large scale radio structure within the Galactic Center
region is the Sgr A complex, which has a diameter of approximately 40 pc.
It consists of the compact synchrotron source Sgr A* (e.g. Balick & Brown
1974; Beckert et al. 1996) and the thermal spiral feature Sgr A West (Ekers
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et al. 1983; Lo & Claussen 1983). Sgr A East, a non-thermal shell source,
encloses the Galactic Center in projection (Ekers et al. 1983). It is located
mostly 1 to 2 arcminutes east of Sgr A* and may be the remnant of an
explosion involving about 40 times the energy of a single supernova, explo-
sion (Mezger et al. 1989; Khokhlov & Melia 1996). Newer results, however,
indicate that a single supernova might have been sufficient for the creation
of Sgr A East (see Sakano et al. 2004).

About 15 to 20 arcminutes north of Sgr A (50 pc in projection) we
find the Galactic Center radio arc, which consists of a large number of
narrow filaments (Yusef-Zadeh et al. 1984). These filaments are most likely
non-thermal synchrotron sources and could be magnetic flux tubes filled
with relativistic electrons. In the immediate vicinity of the radio arc one
finds a number of prominent H II regions that appear to interact with the
filaments (e.g. Serabyn & Morris 1994). Several other isolated individual
filaments can be found within the central half degree of the Galactic Center
(see section 2.5), which presumably trace the large-scale magnetic field in
this area (Morris 1994). The most prominent of these structures is the
Sgr C filament, which is located about half a degree (75 pc in projection)
south of Sgr A. Both the Galactic Center radio arc and the Sgr C filament
are apparently part of an even larger scale (~ 200 pc) structure called the
“Omega lobe” or GC lobe (Sofue & Handa 1984; Sofue 1985). These larger
scale structures may be remnants of past or ongoing activity at the Galactic
Center.

Recent X-ray satellite missions have revealed the large scale distribution
of hot gas and high energy sources. The diffuse X-ray emission within the
central parsec traces dense hot gas inside the circum nuclear gas and dust
disk. On a scale of ~ 10 pc the diffuse X-ray emission is mostly concen-
trated in mainly thermally emitting bipolar X-ray lobes, which are oriented
perpendicular to the Galactic Plane and appear to be centered on the po-
sition of Sgr A*. Latest Chandra and XMM observations have revealed a
highly variable X-ray counterpart of the Galactic Center black hole (see
section 2.13.3) and delivered strong support for the supernova remnant hy-
pothesis of Sgr A East (Maeda et al. 2002). The X-ray measurements have
also resolved about 2400 X-ray point sources, which follow an overall dis-
tribution similar to the large-scale distribution of stars in infrared surveys,
i.e. their spatial density falls off with radius as 7=2 (Muno et al. 2003). The
diffuse X-ray line emission extracted from these observations is described
by Park et al. (2004).
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Fig. 2.1 Schematic diagram of the prominent and extended sources seen in the VLA

image of the GC at a wavelength of 90 cm as shown in LaRosa et al. (2000).
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2.3 The Circum Nuclear Disk

Major building blocks of the central few parsecs of the Milky Way are the
Circum Nuclear Disk (CND), a central cavity that is surrounded by the
CND, and a massive stellar cluster inside this cavity, which holds the black
hole at its center (see Fig. 0.1). The Circum Nuclear Disk was originally
discovered by Becklin et al. (1982). It rotates around Sgr A* and exhibits a
sharp inner edge that encloses the central cavity with a diameter of about
3 pc (see Rieke et al. 1989; Chan et al. 1997; Scoville et al. 2003). High
angular resolution spectroscopic observations have confirmed the presence
of this dense and clumpy molecular ring consisting of warm dust (Zylka
et al. 1995) and neutral gas (Guesten et al. 1987; Jackson et al. 1993; Wright
et al. 2001; Herrnstein & Ho 2002) surrounding a short-lived central cavity
of much lower gas density.

While discovered via its far-IR continuum emission, spectral line ob-
servations in the millimeter to far-infrared region showed that the gas in
the ring is warm, dense, and turbulent. The total mass of the ring out to
4 pc radius is about 10* M, and inside of the ring lies the “mini-spiral”
(see section 2.4), a group of gas and dust streamers. The ring/mini-spiral
morphology is also well illustrated by the high resolution KAO images at
31 and 38 pm in which all of these features are clearly visible (Latvakoski
et al. 1999).

Vollmer & Duschl (2002) addressed the question of the dynamics of
the interstellar medium in the inner 50 pc of the Galactic Center (see also
Vollmer et al. 2004) and investigated the three dimensional cloud-cloud
collision rate in the CND. They found that the whole disk-like structure
of the CND can form a stable configuration for several million years and
that the current mass accretion rate within the CND is of the order of
1073 Mg /yr. The authors furthermore speculate that the Sgr A West cloud
complex may be the result of a prograde encounter of a ~ 104 Mg cloud
with the previously existing CND.

At the outer tips of the projected ellipse of the rotating CND two bright
lobes are visible at most tracer wavelengths whose presence is mostly in-
terpreted as being due to limb brightening of the torus of ~ 0.5 pc radius
(e.g. Gatley et al. 1986; Burton & Allen 1992; Yusef-Zadeh et al. 2001).
Gatley et al. (1984, 1986), Burton & Allen (1992), and Yusef-Zadeh et al.
(2001) report Ha(1 — 0) S(1) molecular hydrogen line emission from the
central few parsecs, which is mostly associated with the CND, where it is
concentrated on the northern and southern lobes. In these areas the line
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intensity is 4 times higher than the mean intensity towards the CND (2 to
3 x 1071 erg s~'cm~2arcsec2).

Stacey et al. (2002) investigated the molecular gas excitation and gas
dynamics within the ring by observing the CO(7-6) rotational transition
at 371.651 um using the South Pole Imaging Fabry Perot Interferometer
(SPIFT) mounted on the 15 m JCMT on Mauna Kea (Bradford et al. 2002),
and by comparing the results to measurements of the dust continuum and
other emission lines from that region (see also Stacey et al. 2004). The
far-infrared emission arises from dust heated by far-ultraviolet starlight
from the central cluster. It is associated mainly with the photo-dissociated
surfaces of the molecular ring. The far-IR emission therefore is a good tracer
for photodissociation regions (PDRs). The good correspondence between
far-IR. and CO(7-6) maps, particularly at the southwestern portion of the
CND, suggests that much of the warm CO resides in the PDRs.

When superposed on a five-arcsecond wide HCN(1-0) map (Guesten
et al. 1987), it becomes clear that the CO(7-6) emission is concentrated
inside the HCN(1-0) emission, which is consistent with a PDR scenario,
where HCN exists further away from the ionization source since it is easier
to photo-ionize than CO.

2.4 The Mini-Spiral

The so called mini-spiral (Fig. 2.2) consists of ionized gas and connects the
Circum Nuclear Disk (CND) to the center of the stellar cluster. Vollmer &
Duschl (2000) have re-examined the gas dynamics traced by the [Nell] line
emission (A = 12.81 pm; Lacy et al. 1991) and the H92a radio emission
data (Roberts & Goss 1993) and discuss the kinematic structure of the
inner ~ 3 x 4 pc? of the Galaxy. In a three-dimensional kinematic model of
gas streams the bulk of the material is organized in three different planes.
A dominant portion of the gas and dust — mostly the northern arm and
eastern bar — is located in a main plane which is connected to the inner
edge of the CND in the Galactic Center (Vollmer & Duschl 2000). That
disk has an inclination of ~ 25° to the line of sight and a position angle
of 28° on the sky (N to E). Using NIR imaging spectroscopic data on Bry
emission, Paumard et al. (2003) investigated the structure of the mini-spiral
in detail and identified nine different structures. They performed Keplerian
orbit fitting and derived a detailed interpretation of the dynamics of the
mini-spiral that is largely consistent with the model of Vollmer & Duschl
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Fig. 2.2 VLA image of the mini-spiral at a wavelength of 1.3 cm by Roberts & Goss
(1993). See also color Fig. A.1.

(2000).

A spatial comparison of a velocity integrated CO(7-6) emission map
with a far-IR, map shows clear correspondence between the tracers over
much of the CND (Stacey et al. 2004). The strong clumpy features and
the bright emission from the northern arm of the mini-spiral are consistent
with a PDR interpretation, in which the source of heating is the central
stellar cluster. The CO emission from the northern arm of the mini-spiral
is offset to the east with respect to the far-IR image of the arm. The CO(7-
6) emission from that region strongly suggests that warm molecular gas
is flowing into the cavity. Surprisingly the east-west bar is not detectable
in CO, and there are also strong depressions in the emission on both the
eastern arm and the position of the IRS 16 cluster. The total gas mass
in the northern arm as derived from the CO(7-6) line is of the order 5 to
50 Mg or about 10% of the mass traced in the [OI] 63 pm line and far-IR
continuum (Jackson et al. 1993; Latvakoski et al. 1999).
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2.5 Radio Filaments

In the inner region of the Galaxy a number of unusual non-thermal filaments
(hereafter NTFs) have been observed with the Very Large Array (VLA).
These peculiar NTFs share the following characteristics (see reviews by
Morris 1996; Morris & Serabyn 1996):

e They are unique to the Galactic Center and are found only within a
projected distance of 150 pc from Sgr A*.

o Their lengths are tens of parsecs, yet their widths are less than 0.5 pc.

o The orientation of the NTFs is essentially perpendicular to the Galactic
Plane to within 20° .

e They exhibit strong linear polarization (up to 50%) and spectral indices
which are negative, flat, or in some cases even slowly rising (Ananthara-
maiah et al. 1991; Morris & Yusef-Zadeh 1985). As suggested first by
Yusef-Zadeh et al. (1984) this is an indication of the synchrotron nature
of their emission.

e Their rotation measures are often greater than 1000 rad m~2 and their
intrinsic magnetic fields are aligned along the long axis of the filament
(Tsuboi et al. 1986, 1995; Yusef-Zadeh & Morris 1987; Reich 1994).

¢ Observations have also shown that the NTFs appear to be associated
with the ionized edges of molecular clouds (e.g. see Morris & Yusef-
Zadeh 1989; Serabyn & Morris 1994).

Recent high-resolution and polarimetric studies of a number of NTF's,
e.g. G359.1-0.2, the“Snake”, by Gray et al. (1995), and G359.54+0.18 by
Yusef-Zadeh et al. (1997), have revealed fine sub-filamentation along the
lengths of these NTFs, or even a bifurcated NTF associated with the Sgr C
HIT complex (Liszt & Spiker 1995).

The Galactic Center NTFs raise a number of fundamental questions
which are not yet solved. So, the source of the relativistic particles that
illuminate the NTFs and the mechanism for their acceleration is currently
unclear. Furthermore, the apparent relation of the NTFE's to both the ionized
and the molecular gas is not understood. It is possible that this association
is related to — or even necessary for — the generation of NTFs. The NTFs
also appear to trace the overall magnetic field configuration at the Galactic
Center. However, it is unclear how such narrow structures can be confined.

A broad variety of models were proposed (see Morris 1996) that aim at
solving these questions. Electrons may be accelerated by the v x B electric
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field, which is induced at the surfaces of molecular clouds that are moving at
high velocities through a uniform magnetic field. Benford (1988) and Morris
& Yusef-Zadeh (1989) point out that these fields may be sufficiently strong
to accelerate electrons to relativistic energies. Reconnection of magnetic
field lines was proposed as a way of generating NTFs as well (Heyvaerts
et al. 1988), or may be responsible for the required acceleration of electrons
(Lesch & Reich 1992). NTFs may also be the result of the interaction of
fast, ionized stellar winds with the ambient magnetic field (Rosner & Bodo
1996). These winds may arise from the atmospheres of stars with high
mass-loss rates.

More recent work on the NTFs concentrated on determining the na-
ture of the interactions between the NTFs and the associated ionized and
molecular gas. High-resolution observations of high density tracers like the
C8(2-1) line (e.g. see Serabyn & Guesten 1991; Serabyn & Morris 1994)
suggest that the source of the energetic electrons and their acceleration re-
gion in the Radio Arc lie at the intersection of the NTFs with the Sickle
HIT region and the underlying molecular cloud.

These observations show that the distribution of the molecular gas is
clumpy at locations where both the NTFs and ionized gas are present, and
where changes in both brightness and continuity of the Radio Arc NTFs
occur (Yusef-Zadeh & Morris 1987). Serabyn & Morris (1994) propose that
reconnection of the strong external field with the internal magnetic field
lines of molecular clouds occurs at these positions, and that this process may
accelerate the electrons to relativistic energies, followed by their diffusion
along the external field lines. As a result the NTFs would be illuminated
by synchrotron radiation and act as tracers of the external field lines.

Current studies of the distribution of the radio continuum and the emis-
sion of recombination and molecular lines along NTF structures indicate
that the model of Serabyn & Morris (1994) is very successful in explaining
the properties of many of the peculiar filaments (see also Liszt & Spiker
1995; Uchida et al. 1996; Staguhn et al. 1998).

2.6 Near-Infrared Images of the Central Stellar Cluster

2.6.1 A Brief History of NIR Imaging

First attempts to detect near-infrared emission from an astronomical source
at the position of the Galactic Center started as early as 1945 (Stebbins &
Whitford 1947; Moroz 1961). Due to a combination of low sensitivity and
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Fig. 2.3 Top: 2.2 um strip-chart recording in right-ascension of the unresolved star vSgr
and the Galactic Center, showing for the first time the presence of the central stellar
cluster (Becklin & Neugebauer 1968). The data was recorded using a 0.08 diameter
circular aperture. Bottom: first contour map resulting from those strip-charts. The
angular resolution of the map is 0.25’. The contour lines are labeled in units of 1.6x10~19
W m~2 Hz~! sterad—!. The unlabeled contours in the center have values of 10, 12, 14,
and 16, respectively. The dashed lines represent the positions of the individual scans on
the sky.

coarse spatial resolution these initial efforts were not successful.

The first detection of structured emission was achieved by Becklin &
Neugebauer (1968) at a wavelength of 2.2 pum in scans with 0.25 and 0.08
arcminute diameter apertures, corresponding to linear resolutions of 0.62
and 0.2 pc (see Fig. 2.3). These scans for the first time revealed the compact
nuclear stellar cluster.
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In the following years a number of authors obtained single detector maps
with higher spatial resolution, which resolved the central cluster into indi-
vidual bright complexes. With the semi-conductor technology progressing,
the introduction of multiplexed, near-infrared array detectors allowed more
efficient mapping with even higher angular resolution. The first maps of the
Galactic Center using this technique were obtained by Forrest et al. (1986),
and, for the first time, the central IRS 16 complex could be resolved into
many individual sources. Lunar occultation measurements (Adams et al.
1988; Simon et al. 1990; Simons et al. 1990) demonstrated that the bright-
est sources of the IRS 16 complex (IRS 16NE, 16C, 16SW and 16NW) were
very compact with projected diameters of less than 100 AU, and were most
likely individual or multiple stars, but not large clusters. For the orienta-
tion of the reader, the names and positions of the most prominent bright
stars in the GC cluster are indicated in Fig. A.2 in Appendix A.

The first diffraction limited maps (0.15” angular resolution, correspond-
ing to 0.006 pc at the distance of the GC) of the central 207 x 20” at 2.2 um
and 1.6 um were obtained by speckle imaging (see Eckart et al. 1992, and
follow-up papers). In these maps the central cluster — including several
compact stellar complexes like IRS 1, IRS 13 and IRS 16SW — was re-
solved into about 600 individual stars (Eckart et al. 1995). They revealed,
for the first time, a complex of near-infrared sources very close to the radio
position of Sgr A* (see e.g. Eckart et al. 1995; Genzel et al. 1997).

These results were confirmed by repeated speckle observations at the
New Technology Telescope (NTT) of the European Southern Observatory
(ESO) in Chile (e.g. Eckart & Genzel 1996, 1997), by seeing-limited imaging
under excellent conditions (Herbst et al. 1993), as well as by first tip-tilt
measurements at 1.6 pm with an angular resolution of 0.3” (Close et al.
1992). The latter two observations, however, were not able to resolve the
very central stellar cluster.

More recently, the central parsec and the compact stellar cluster around
the radio position of Sgr A* were repeatedly observed by speckle and adap-
tive optics imaging with the 10 m diameter Keck telescope (e.g. Klein et al.
1996; Ghez et al. 1998, 2000; Tanner et al. 2002; Gezari et al. 2002), the
ESO Very Large Telescope (VLT) (e.g. Eisenhauer et al. 2003b; Genzel
et al. 2003a,b; Schodel et al. 2002, 2003; Eckart et al. 2004b), the CFHT
(Davidge et al. 1997; Paumard et al. 2001), the ESO 3.6 m telescope at La
Silla (Clénet et al. 2001), and the Gemini North telescope. These obser-
vations confirmed the original detection of the Sgr A* cluster and revealed
an increasing number of details hand in hand with the progress made in
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observation and data reduction techniques. Repeated observations at the
NTT, VLT, and Keck telescopes allowed measurements of the velocities
of stars in the central parsec. Adaptive optics observations provided the
first clear identification of the compact radio source Sgr A* with a variable
near-infrared source (Genzel et al. 2003a; Ghez et al. 2004).

2.6.2 Diffraction Limited I'mages

With the development of improved observation and analysis techniques
NIR images continue to give new insight into the distribution and nature of
stars within the central star cluster of our Galaxy. They allow studying the
variability, possible extension, and proper motions of stellar objects, as well
as the investigation of the central arcsecond and the phenomena that are
linked to the near-infrared counterpart of the compact radio source Sgr A*.

Although providing lower angular resolution and not quite the same
sensitivity, the speckle imaging mosaic images obtained by the SHARP
camera at the ESO NTT (Eckart & Genzel 1997) compare well with more
recent NIR adaptive optics images (e.g. see Schédel et al. 2003). The
faintest reliably identifiable sources correspond to K-band magnitudes of
15™ to 16™, which implies a dynamic range of the images of more than 8
magnitudes with respect to the brightest source, IRS 7 (K = 6.8™).

Already the initial 1991 SHARP speckle image reconstructions (Eckart
et al. 1992) revealed a source close to the position of the compact radio
source Sgr A*, which was resolved into a cluster of individual stars (Eckart
et al. 1995) in the following observing runs. Within a projected distance
from Sgr A* of less than 2" these images show about 20 stars of K-band
magnitudes between 13™ and 16™ and a magnitude dispersion of 3 stars
with mg < 14, 9 stars with myg < 15 and 20 stars with myg < 16.

In general, the Speckle observations at the NIR-band of A < 2.2 yum
resolved the emission from the central parsec fully into individual stars and
groups of stars. The central IRS 16 complex splits up into a multitude of
sources, and the extended ridge in IRS 16SW-E found by other authors
(Simon et al. 1990; Depoy & Sharp 1991b) was resolved into at least 5
bright stellar sources. IRS 13 was found to be a a~ 0.5” radius cluster
consisting of at least 5 to 10 members (see also Maillard et al. 2003). In
particular the SHARP speckle imaging through narrow band line filters
(Eckart et al. 1995) clearly showed that IRS 16NE, IRS 16C, IRS 16SW and
IRS 16NW were truly Hel emission line stars and not part of an extended
distribution. As proposed by Krabbe et al. (1991, 1995) the IRS 16 complex
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Fig. 24 NAOS/CONICA H-band AO image of the GC stellar cluster, observed on
August 30, 2002 during science verification of the instrument at the ESO VLT. The
total integration time of the image is 1500 s. Exposures at various dithered positions
were combined to a final mosaic. The grey scale is logarithmic. Sgr A* is located near
the center of the image. The AO was locked on IRS 7, the bright supergiant near the
top of the image. North is up and east is to the left.

thus was identified as the central concentration of the hot star cluster.
Lunar occultation observations showed that the brightest of these objects
were likely single or multiple stars but not large clusters, as their sizes were
found to be less than 100 AU (Adams et al. 1988; Simon et al. 1990; Simons
et al. 1990).

The flux density calibration of the SHARP images was derived from
published flux densities of bright members of the central cluster like IRS 7,
IRS 16NE, IRS 16NW, and IRS 16C (Rieke & Rieke 1988; Depoy & Sharp
1991b; Blum et al. 1996; Ott et al. 1999; Clénet et al. 2001).

Within the uncertainties of the flux density calibration, less than a few
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Fig. 2.5 NAOS/CONICA L-band AO image of the GC stellar cluster, observed on
August 30, 2002 during science verification of the instrument at the ESO VLT. The
total integration time of the image is 2250 s. Exposures at various dithered positions
were combined to a final mosaic. The grey scale is logarithmic. Sgr A* is located near
the center of the image. The AO was locked on a visual guiding star located about 30”
NE of the center. North is up and east is to the left.

percent of the more than 1000 stars with 6.8™ < mg < 16™, which could
be identified in the SHARP high resolution K-band images, emit the full
flux density derived on the basis of earlier seeing limited images. Two thirds
of the flux is contributed by only the 29 brightest sources (K < 10.5™). A
comparison of the speckle data and the most recent deep adaptive optics
images with seeing limited long exposure images shows that most of the
apparent diffuse emission seen in images with an angular resolution of > 17
is due to a combination of smearing of faint sources and the broad wings
of the point spread functions of bright sources.

Due to its location in the southern hemisphere, where the GC passes
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close through zenith, and its unique capabilities (i.e. its near-infrared wave-
front sensor, see section 1.4.3.1) NAOS/CONICA at the ESO VLT is cur-
rently the best instrumentation for deep high-resolution observations of the
GC at NIR wavelengths. Figures 2.4 and 2.5 (see also Schidel et al. 2002;
Gengzel et al. 2003b; Eckart et al. 2004b) show diffraction limited maps of
the central 0.5-1.0 pc of the Milky Way observed with NAOS/CONICA at
the VLT at wavelengths of 1.6 yum (H-band) and 3.8 ym (L-band). The
faintest sources in the presented images have an H-band magnitude of 19—
20™ and an L-band magnitude of 15-16".

2.7 The Radio and Infrared Positional Reference Frames

The unambiguous identification of the radio source Sgr A* with an indi-
vidual object in near-infrared images of the central arcsecond had been a
major objective since the first observations of this kind. However, Sgr A*
was found to be surprisingly faint at infrared wavelengths. Its faintness in
combination with the extreme density of stellar sources in its immediate
surroundings made the task therefore extraordinary difficult. A success-
ful identification requires the precise knowledge of its radio position with
respect to other stars in the field of view and — even more important —
in a common radio-infrared positional reference frame. Until the early 90s
the astrometric position of Sgr A* in the infrared images was only known
to within about +0.3”, which did not allow one to differentiate between
the approximately 10 sources in that area known at that time. However, a
combination of speckle/AO NIR high resolution images with interferomet-
ric radio images allowed one to improve the positional accuracy by more
than one order of magnitude (Menten et al. 1997; Reid et al. 2003a).

The key to this experiment is the fact that many red, cool giant and
supergiant stars exhibit strong hydroxyl (OH at 1.663 GHz), water (H5O at
22.235 GHz) and/or silicon monoxide (SiO at 43.122 GHz) maser emission.
Very Long Baseline Interferometric (VLBI) observations (Diamond et al.
1994; Miyoshi et al. 1994; Greenhill et al. 1995a) indicate that SiO masers
arise from the innermost regions (a2 4 — 8AU radius) of the circumstellar
envelopes of these stars. Similarly, the H»O maser radiation originates in
the stellar atmospheres of many OH/IR stars (infrared bright, short-lived
stars in a high mass-loss phase, see e.g. Winnberg et al. 1985; Lindqvist
et al. 1992) and M-type supergiants (e.g. Martinez et al. 1988; Levine 1995).
Thus, for a typical Mira variable located at the GC, the SiO maser emitting
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Fig. 2.6 A K-band NACO/VLT adaptive optics image like the one presented here was
used by (Reid et al. 2003a) to establish the astrometric positions of stars relative to
Sgr A* in the infrared frame. The 7 maser sources in the field-of-view are marked
by circles. The position of Sgr A* is marked by an asterisk. Offsets from Sgr A* in
arcseconds are marked on the x- and y-axes, positive to the north and to the east.

region of its atmosphere suspends an angle of < 1 mas (Reid et al. 2003a).
This fortunate circumstance allows measuring the position of maser stars
at the Galactic Center with great accuracy.

The first experiment of this kind was performed by Menten et al. (1997).
They determined the position of Sgr A* on SHARP images with an accu-
racy of 30 mas and found no NIR source corresponding to Sgr A*. Mea-
surements of stellar accelerations in the following years (Ghez et al. 2000;
Eckart et al. 2002a) indicated that Sgr A* was positioned 40-50 mas east
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of the location given by by Menten et al. (1997). The analysis of Menten
et al. (1997) was mainly limited by the fact that they could use just two
maser stars because the were limited by the smaller field-of-view of SHARP
(~ 13”), which allowed them to derive only a single pixel scale and the im-
age rotation for the NIR image.

NACO at the VLT offers a field-of-view of 27" when operating in a
diffraction limited mode at 2.2 ym. A much larger region can be mapped by
composing a mosaic of several images with different initial pointings. When
Reid et al. (2003a) repeated the alignment experiment (see also Schodel
2004), they used such an image and identified seven SiO maser stars in it
(circled in Fig. 2.6), which can be easily found, because they are bright
AGB stars. Therefore the radio positions of these stars, which can be
measured with the VLA to an accuracy of ~ 1 mas with respect to Sgr A*,
and on the NIR image with an accuracy of a few mas, can be used to align
the infrared and radio positional reference frames relative to each other.The
higher resolution and larger field-of-view of NACO and the longer baseline
of the radio data enabled Reid et al. (2003a) to solve for higher order
terms needed in the alignment process. Therefore they could determine
the position of Sgr A* in the NIR frame with an uncertainty of less than
10 mas. The new alignment was consistent with the position of the dark
mass inferred from the stellar acceleration measurements of Ghez et al
(2000) and Eckart et al. (2002a) and also with the position of the focus
of the orbit of the star S2 (Schodel et al. 2002; Ghez et al. 2003b; Schodel
et al. 2003). However, the faintness of Sgr A*, confusion in the dense cluster
in which it is embedded, and the proximity of the bright star S2 between
1999 and 2002 inhibited the detection of a NIR Counterpart of Sgr A* until
2003, when Genzel et al. (2003a) reported flaring and quiescent emission
at wavelengths of 1.6, 2.2, and 3.8 pm (H, K, and L-bands) at the position
of Sgr A*. Variable emission from Sgr A* at 3.8 pm was also found in
2003 independently with the Keck telescope by Ghez et al. (2004) (see
section 2.13.4).

2.8 Number Density Counts

The overall structure of the central stellar cluster can best be derived from
diffraction limited NIR maps. Early investigations into the structure of the
cluster did not have a very high spatial resolution and sensitivity so that
it was not possible to clearly separate individual stars in that region, and
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the radial distribution of the light emitted by the overall cluster was used
to determine its shape. The center of light, however, lies approximately
on the bright IRS 16 complex, located 17 to 27 east of the Sgr A* posi-
tion. This finding was initially contrary to expectations and had even been
considered as evidence that Sgr A* could not be a supermassive black hole
(Allen & Sanders 1986). In contrast to these early attempts at determining
the structure of the stellar cluster, the first high-resolution speckle imaging
data enabled Eckart et al. (1992) to derive from the median of the rela-
tive source positions that the distribution of stars is centered within +1”
(3c) on Sgr A*. Scoville et al. (2003) showed that the extinction coeffi-
cient follows a smooth distribution across the central 10 to 20 arcseconds
with no indication of variations on spatial scales of about 1” to 2”. There-
fore the offset concentration of the overall cluster NIR light emission is
a phenomenon that is liked to the inhomogeneous distribution of various
populations of stars. Initial attempts of deriving the stellar distribution did
not take into account that the cluster luminosity is completely dominated
by a few dozen bright supergiants, which are — in part due to their small
number — not evenly distributed across the field. In the central 5 arcsec-
onds Krabbe et al. (1991) found a cluster of very luminous, massive stars
with prominent Hel line emission, while outside of that area the emission is
dominated by late-type giants with deep CO absorption bands (e.g. Rieke
& Rieke 1988; Sellgren et al. 1990; Haller et al. 1996; Krabbe et al. 1995;
Genzel et al. 1996). If one wants to get a clear image of the structure of the
underlying stellar cluster, it is therefore more appropriate to investigate the
distribution of stars via their number density rather than their brightness,
assuming that the observed stars in the GC cluster can be used as tracers
for the underlying distribution of fainter stars.

First coarse stellar number density counts were presented in Eckart et al.
(1992). The data presented by Eckart et al. (1995) suggested an excess of
stars above a flat core near Sgr A*. Alexander (1999) analyzed stellar
counts from three different data sets and also found indications of a stellar
cusp around Sgr A*. However, the existence of the cusp, as inferred from
the star counts available at that time, still remained somewhat inconclusive.

Imaging observations with NACO at the VLT in 2002 provided much
better suited images for this type of analysis: they were taken at the diffrac-
tion limit of an 8 m-class telescope, were two to three magnitudes deeper
than any previous images due to the excellent quality of the AO correc-
tion, and covered a large field-of-view of approximately 20” x 20”. Genzel
et al. (2003b) used this data for obtaining completeness corrected num-
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Fig. 2.7 Representation of the two-dimensional surface density of stars in the cen-
tral 6" x 5” of the GC stellar cluster. The stellar number counts were extracted from
NACO/VLT K- and H-band images and corrected for crowding and completeness. The
faintest K-band magnitude used was mg = 17. The corrected surface density was
smoothed with a Gaussian of 17 FWHM. The mean surface density and its standard
deviation were calculated for a field-of-view of 97 x 9”. The contours delineate the areas
where the surface density exceeds the mean density by 2, 3, 4, 5, 6, and 6.3 ¢. The 3,
5, and 6.3 o contours are marked by straight lines. For more details and a similar figure
see Genzel et al. (2003b).

ber density counts of the stars in the central parsec. They used H- and
K-band images because practically the same stellar population is sampled
at both wavelengths, but errors can be minimized by combining images
from different band passes. The so-called completeness correction accounts
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for the difficulty of detecting close companion stars and faint stars in the
wings of the instrumental Point Spread Function (PSF) of brighter objects.
The magnitude of the correction can be evaluated by first adding artificial
stars at different positions in the stellar field and subsequently trying to
re-identify them. In that way maps can be produced that reflect the prob-
ability of identifying a star with a certain magnitude at a given position.
For weak stars, these maps resemble a negative picture of the stellar clus-
ter, i.e. probabilities are low where the luminosity is high. Finally, one can
count sources of a given magnitude present within annuli of increasing radii
around Sgr A* and correct these counts for completeness (this procedure
assumes symmetry of the cluster with respect to Sgr A*, of course).

A significant problem when doing the completeness correction is the
increasing uncertainty of large corrections, a fact which may become prob-
lematic especially for the innermost annuli, where both the completeness
and the number counts are low for faint stars (due to the high source density
and the small surface of the annuli). In order to avoid possibly uncertain
completeness corrections significantly larger than a factor of 2, Genzel et al.
(2003b) only used stars with K-band magnitudes brighter than 17™ for their
analysis. Based on this principle, they derived completeness corrected K-
band luminosity functions (KLFs) from differential source counts for the
overall cluster (in a 9” radius around Sgr A*) and for the cusp region (1.5”
around Sgr A*).

Genzel et al. (2003b) combined the completeness corrected stellar num-
ber counts from the NACO/VLT images with earlier SHARP/NTT data

that were taken at larger (up to approximately 100”7, see Genzel et al.
2000) separations from the center. The results of these latest number den-
sity counts (see Fig. 2.7 and 2.8) show that stars in the central stellar
cluster with magnitudes brighter than mgoum = 17™ can be described
very well by the number density distribution expected for an isothermal
stellar cluster with a core radius of approximately 0.34 pc, similar to what
has been found by an earlier analysis of lower quality SHARP/NTT images
by Eckart et al. (1995). The exciting new result of Genzel et al. (2003b)
was, however, that they could clearly identify a stellar cusp, i.e. an excess
over the flat core of the outer isothermal cluster, that is centered at the po-
sition of Sgr A*. The following subsections summarize the results of Genzel
et al. (2003b) on the structure and luminosity function of the stellar cluster
in the central parsec of the Milky Way.
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Fig. 2.8 Radial average of the crowding corrected stellar number density in H- and
K-band as shown by Genzel et al. (2003b). The data shows clear evidence for a cusp
component above the distribution expected for an isothermal stellar cluster, marked with
a dashed line.

2.8.1 Ewidence for a Central Stellar Cusp

Figure 2.8 shows the completeness corrected, binned stellar surface number
density distribution for stars brighter than myx = 17 (and brighter than
H= 20 for the central arcsecond) as a function of projected distance from
Sgr A* (analogous to Fig. 7 of Genzel et al. 2003b). Towards larger radii
the NAOS/CONICA data was expanded with shallower (K < 15) number
counts of SHARP/NTT (see Genzel et al. 2000) that cover fields at larger
distances from Sgr A*. In the overlap regions these counts were scaled for
the best match with the deeper NAOS/CONICA data. The stellar number
density counts for projected separations from Sgr A* of more than ~2-3
arcseconds resemble a flattened isothermal sphere of core radius 0.34 pc



Observational Results 93

(see Genzel et al. 1996, 2000, and references therein). In contrast to earlier
studies, the data obtained with NAOS/CONICA/VLT shows a clear indi-
cation for an excess in number density in the central few arcseconds, a fact
which was already indicated, but could not be proved conclusively by the
earlier SHARP/NTT and Keck data (Eckart et al. 1995; Alexander 1999).
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Fig. 2.9 Deep K-band image of the cusp around Sgr A*. The image resulted from a
Lucy-Richardson deconvolution and subsequent beam restoration (with a Gaussian of
60 mas FWHM) of a K-band NACO/VLT image from May 2003. North is up and east
is to the left.

Hence, the deep AO images confirm the existence of a cusp around
Sgr A* (see Fig. 2.7 and 2.9), since — even independent of any incom-
pleteness correction — the surface density of faint stars increases with
decreasing separation from the radio source Sgr A*. There is no in-
dication for a flat core as would be expected for a relaxed, isothermal
cluster. The peak of the cusp coincides with the position of Sgr A*
[(ARA, ADec)=(+0.09", —0.15”)] with an uncertainty of @ 0.2” (see
Fig. 2.7 and Genzel et al. 2003b).
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In order to describe the radial dependence of the stellar mass density
in the Galactic Center, Genzel et al. (2003b) tied the number counts to
the radial mass distribution of Genzel et al. (1996). Assuming a dynamical
(stellar) mass of 3.2, 8.4, and 27.3 x 10° Mg, at distances R = 1.9, 3.8, and
11 pe from Sgr A* and following Alexander (1999), Genzel et al. (2003b)
derived the following broken-power law for the stellar mass density in the
Galactic Center:

—a
px(R) =1.25 x 10° (%) [Mepe @], (2.1)
witho = 20 £ 0lat R > 10",anda = 1.4 + 0.1 at R < 10”.
Concentrating on only the central 4 arcseconds a generalized Maximum
Likelihood (ML) analysis similar to what is presented in Alexander (1999)
results in a power-law cusp slope of @ = 1.3 4 0.1 (see Fig. 2.8 and Genzel
et al. 2003b). A calculation of the stellar density of the cusp based on these
relations leads to 3 x 107 Mg pc®at R = 17, and 7 x 10%® Mg pc™3
at R = 0.17.

An alternative description of the data is a localized cusp on Sgr A*
superposed on a larger-scale, isothermal cluster with a distinct break in be-
tween. Assuming such a distribution, Mouawad et al. (2003b) get similarly
large values for the stellar mass densities in the cusp.

The above analysis critically depends on the assumption that the ratio
of number counts to total stellar mass (most sources are faint and can-
not be directly observed) is constant with radius and environment in the
Galactic Center. However, this assumption cannot be entirely valid, since
the analysis of the stellar luninosity function (see following section) shows
that the stellar population changes to a certain degree in the very dense
inner cusp region. Recently, there has been much interest in the possibility
that a cluster of dark stellar remnants, e.g. stellar black holes or neutron
stars, may have accumulated at the bottom of the gravitational potential
well (see Morris 1993; Miralda-Escudé & Gould 2000). A tool for testing
this idea is examining deviations of stellar orbits near the supermassive
central black hole Sgr A* from the Keplerian case. First studies indicate
an upper limit on the mass of a hypothetical dark cluster near Sgr A*
of about 4 x 10° My, (see discussion in section 3.7.6 and Mouawad et al.
2003a, 2004). This caveat has to be kept in mind when considering the stel-
lar density analysis. However, since the number counts are dominated by
faint stars and since the overall slope of the luminosity function in the cusp
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is similar to the large scale cluster it appears justified to assume that the
stellar number counts describe the underlying stellar population reasonably
well,

The observed stellar density distribution is consistent with theoretical
models for stars surrounding a massive central black hole, which predict the
formation of a power-law cusp. The expected radial slopes range between
0.5 and 2. The exact value depends on the formation scenario of the cusp
and on the density and stellar-population-dependent importance of inelastic
stellar collisions. Relaxed, single mass stellar cusps have a steep slope of
a ~ T7/4 (Bahcall & Wolf 1976, 1977), while un-relaxed clusters around
an adiabatically growing hole have a shallower slope of & ~ 3/2 (Young
1980). In multi-mass, lower density cusps (px < 107 Mg pc™?) the model
calculations by Murphy et al. (1991) predict a steep slope (o« ~ 7/4) too,
but higher density cusps (p. ~ 108 Mg pe~?) have flatter central slopes
because of the increasing importance of stellar collisions (@ > 1/2).

The models also predict that a large fraction of the cusp stars near the
black hole should be gravitationally bound to it, because

o2 =v2/(1+a) <v? (2.2)

where v2 = GMpg/R is the square of the escape velocity (Alexander
1999). The fraction of bound stars increases with the steepness of the
power-law cusp, which is described by the parameter o. Most models, with
the exception of the one by Young (1980), predict that the stellar cusp
should be dynamically relaxed. Young (1980) assumes that the time scale
on which the central black hole grows, is short compared to the stellar
relaxation time scale of the overall cusp region, a requirement that is not
applicable to the Galactic Center, where the relaxation time of the cluster
is short (of the order 108 yr, see section 3.6.5) and the mass accretion rate
onto the black hole is very low (< 1077 Mg, yr™1, see section 3.8.3).

2.8.2 K-band Luminosity Function

In addition to the number density distribution of stars it is of great interest
to know the distribution of stars as a function of luminosity. This measure
can be obtained from the completeness corrected differential source counts.
The luminosity function allows us to draw conclusions on the stellar popu-
lation present in the central star cluster of the Milky Way:.

The results for circular regions within a radius of 1.5”, i.e. the cusp re-
gion, and for the overall nuclear cluster within a radius of 9” of Sgr A* are
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presented in Genzel et al. (2003b). Since the NAOS/CONICA counts are
incomplete for the very brightest magnitudes because of saturation effects,
they have combined the NAOS/CONICA number density counts with the
SHARP/NTT counts to a common KLF. Here, we reproduce the results
of Genzel et al. (2003b) in Fig. 2.10, which shows the KLF for the overall
nuclear cluster, Fig. 2.11, a color-magnitude plot of the same region, and
Fig. 2.12, the KLF for the central cusp-like region. The error bars take into
account the effects of the number density correction. At brighter magni-
tudes the NAOS/CONICA data is in very good agreement with the earlier
Keck and NTT data, but now extends the KLF to K-band magnitudes of
18 — 19, about 3 magnitudes deeper than the earlier measurements. The
Galactic Center KLF therefore samples all giants and supergiants, as well
as the main sequence to spectral types A5/F0 (~ 2Mg).

From the observed KLFs Genzel et al. (2003b) draw the following con-
clusions: the shape of the KLF in the central p < 9” (0.35 pc) region (here
p is the distance from Sgr A* in the plane of the sky) can be described in
a first approximation by a power law (dlog N/dK = 3 ~ 0.21 £ 0.02). In
the range 14 < K < 19 the overall KLF has a somewhat flatter, but gen-
erally similar slope compared to the KLF of the Bulge of the Milky Way
several degrees from the center (3 ~ 0.3, e.g. see Tiede et al. 1995; Zoccali
et al. 2003), and the KLF on a scale of several tens of parsecs around the
center (Figer ef al. 2004). A 3 =~ 0.3 power-law is well matched by the
theoretical KLF of an old stellar population with a Salpeter initial mass
function (IMF) and a continuous star formation history (see also Alexan-
der & Sternberg 1999; Figer et al. 2004). The flatter slope of the Galactic
Center KLF compared to the Bulge is mostly caused by an excess of the
counts at K< 14, by a factor of 1.4 to 2. This excess at the bright end of
the KLF can probably be attributed to young early and late type stars (see
also Lebofsky & Rieke 1987; Blum et al. 1996; Davidge et al. 1997; Blum
et al. 2003). The KLF of the overall cluster shows a prominent excess hump
centered at K, ~ 16, a factor of about 2 above the power law. This hump
can also be found in KLFs of the Bulge (Tiede et al. 1995; Zoccali et al.
2003), and on scales of tens of parsecs around the Galactic Center (Figer
et al. 2004). Tt is the region in the KLF, where the so-called horizontal
branch (HB)/red clump (RC) stars (the name derives from their position
in color-magnitude diagrams) accumulate. These are old and metal rich,
core He-burning stars with characteristic masses of 0.5 to 3.5 M. The
red clump stars can be seen in the color magnitude plot at K-magnitudes
around 16 (Fig. 2.11). The HB/RC excess relative to the number of gi-
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Fig. 2.10 KLF for the central 9” region as shown by Genzel et al. (2003b): K-band
luminosity function (KLF') in sources per square arcsecond per magnitude shown by filled
circles with 1o error bars. The graph is a result of the combination of NAOS/CONICA
and SHARP/NTT data corrected for incompleteness. The continuous curve is the KLF
of the Galactic Bulge on scales of degrees and the dashed curve is a single age (8 Gyr)
stellar population model of the Bulge (from Zoccali et al. 2003). Both were scaled
vertically to match the center data, and corrected horizontally to the same K-band
extinction. The excess at K~ 16 is due to stars on the horizontal branch/red clump, i.e.
old metal rich, low mass stars.

ant stars making up the power law component suggests that the Galactic
Bulge on average has close to solar metalicity (Tiede ef al. 1995). An old
(~10 Gyr), single age (Single Stellar Population - SSP) model with a bulge
metalicity distribution deduced from the color-magnitude properties of the
Bulge appears to give a fairly good representation of the hump. In sum-
mary, the KLF in the central parsec of the Galactic Center thus resembles
one of an old cluster with an admixture of bright young stars, a finding
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Fig. 2.11 Color-magnitude diagram for the central region of radius 9” in projection
(as in the KLF shown in Fig. 2.10), showing prominently the horizontal branch/red
clump stars (Genzel et al. 2003b). Most of the very blue stars at K< 13 are probably
caused by saturation in the K-band image, which results in their K-magnitudes being
underestimated.
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Fig. 2.12 K-band luminosity function (Genzel et al. 2003b) — sources per square arc-
second per mag — of the central cusp region (filled circles, projected distance to Sgr A*
< 1.5"”,%10 error bars). Other symbols and curves are as in the caption of Fig. 2.10.

that agrees with earlier investigations (e.g. Lebofsky & Rieke 1987; Krabbe
et al. 1995; Blum et al. 1996; Davidge et al. 1997; Morris & Serabyn 1996;
Figer et al. 2004).

The situation is different for the KLF of the cusp (Fig. 2.12), for which
Genzel et al. (2003b) found a similar slope compared to the overall cluster,
but noted the absence of the bump due to horizontal branch/red clump
stars. Also, an excess of stars with magnitudes between 13 and 15 can
be noted in the cusp. This can be interpreted as an increased presence
of early-type stars, a lack of late-type giants, and/or the absence of old,
low-mass stars (the horizontal branch stars).

The distinct properties of the stellar population in the cusp may be
due to mass segregation effects. Mass segregation should work effectively
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in the dense cusp environment and lead to an expulsion of low-mass stars.
An alternative interpretation is that stars ascending the red giant branch
are stripped of their envelopes by close interactions of stars in the cusp
(Alexander 1999; Genzel et al. 2003b). In this way, the helium cores of
these stars would not reach the critical mass for ignition and they would
directly evolve into helium white dwarfs.

2.9 Polarization of Filaments and Stars

The polarization of electromagnetic radiation allows us to draw important
conclusions on either the radiation mechanisms or the absorption effects
due to the light propagation through a medium. Towards the Galactic
Center the corresponding investigations can be carried out for the extended
thermal and non-thermal radio emission and mid-infrared emission of the
gas and dust as well as the radiation originating from the stellar sources
within the central cluster.

2.9.1 Exztended Filaments in the Sgr A Complex

In the mid-infrared the radiation coming from the northern arm and east-
west bar of Sgr A West shows an appreciable amount of linear polariza-
tion. This observed polarized emission is produced by the thermal emis-
sion of magnetically aligned dust grains. Alitken et al. (1991, 1998) pre-
sented arcsecond-resolution imaging polarimetry of these ionized filaments
at a wavelength of 12.5 um. The observed amount of polarization places
a lower limit of ~2 mG on the magnetic field in the northern arm. The
polarimetry images of Aitken et al. (1991, 1998) and Glasse et al. (2003)
clearly show that the magnetic field is a property of the diffuse material
of the large-scale filaments in the Sgr A west complex (the northern arm
and east-west bar) rather than of the embedded sources in that area (Fig.
2.13). Furthermore, the magnetic field strength is apparently independent
of the changes in density and temperature in the vicinity of these com-
pact embedded sources. In addition to an overall distribution of polarized
flux density there are variations on small scales both of the strength and
the direction of the magnetic field. In some areas of the east-west bar the
magnetic field direction is rather complex and southwest of IRS 1 there is
an abrupt decrease of polarization combined with a change of sign, which
may either indicate a rapid change of magnetic field direction close to the
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dynamical center, or be due to a superposition of nearly orthogonal fields in
the IRS 1 region. However, while the field strength shows great variations,
the field direction changes smoothly across IRS 1.
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Fig. 2.13 Polarization of the mid-infrared light at a wavelength of 12.4 pum (Aitken
et al. 1991). Some prominent sources are indicated with their IRS designations. The
emission is dominated by dust in the mini-spiral filaments.

Aitken et al. (1998) show that the physical conditions in the ionized
filaments lead to a very uniform grain orientation along the local magnetic
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field. The authors also note that, independent of the initial magnetic field
configuration in a cloud, tidal stretching will ultimately cause the field lines
to be roughly parallel to the direction of the shear. Since the position angle
of the polarized emission is at right angles to the projection of the field di-
rection on the plane of the sky, the observed degree of polarization provides
some measure of the component of the field along the line of sight, but it is
also influenced by factors such as grain shape, the extent of grain alignment,
the grain composition, and local field inhomogeneities. The polarized light,
however, allows one to at least partially reconstruct the overall field in three
dimensions, and the results can be compared with the H92a observations
of those structures by Roberts & Goss (1993). Rather than interpreting the
northern arm and east-west bar as an orbital path or a spiral arm, Aitken
et al. (1998) offer a new interpretation from this comparison: their data im-
plies that these filaments represent a tidally stretched structure in free fall
about Sgr A* with significant deviations from a single plane. The observed
distribution of polarized dust and H92«: emission gas may be interpreted as
the inner ionized rim of a more extended neutral cloud (see also Paumard
et al. 2003).

At longer wavelengths a smoothly varying polarized flux density is ob-
served (Werner ef al. 1988; Morris et al. 1992). Werner et al. (1988) pre-
sented the first detection of linear polarization of the far-infrared (100 pm)
emission from the about 3 parsec diameter dust ring surrounding the Galac-
tic Center and reported an observed degree of polarization of the order of
1 to 2 percent at three different positions. Since Werner et al. (1988) found
that the dust ring is optically thin at 100 microns, the observations sam-
ple dust emission throughout the entire cloud, and the data provides first
information on the configuration of the magnetic field in the dust ring.
In follow-up observations, Hildebrand et al. (1990) found that the inferred
magnetic field lines lie approximately in the plane of the CND (for a more
detailed descriptions, see also Wardle & Konigl 1990; Hildebrand et al.
1993).

Morris et al. (1992) measured the polarization of the 100 pm continuum
emission at 14 positions in the dense and warm molecular cloud associated
with the arched filaments (also called the “bridge”) of the radio arc near
the Galactic Center and obtained degrees of polarization of up to 6.5%. As
in the mid-infrared this polarized flux density is most likely produced by
thermal emission from elongated interstellar grains oriented along the local
magnetic field. In the arched filaments the magnetic field is very uniform
on scales of 1-10 pc and is aligned parallel to the long dimension of the
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thermal radio filaments.

2.9.2 Polarized Emission from Stars

Due to anisotropic scattering processes by interstellar or circumstellar dust
particles one might expect that most of the sources in the central stellar
cluster show some degree of polarization, either because of polarization
along the line of sight or because of intrinsic polarization of the individual
objects. First low angular resolution studies of the polarized near-infrared
flux density in the central stellar cluster were performed by Knacke & Capps
(1977) and Lebofsky et al. (1982). The first observations at the diffraction
limit of a 4 m-class telescope were conducted by Eckart et al. (1995) (see
also Ageorges 1995). For the latter observations the authors installed a
rotating wire grid in front of the SHARP/NTT speckle camera and used
the polarization of the sources IRS 1 and IRS 7 for calibration (Lebofsky
et ol. 1982). Within the Galactic Plane there is an average polarization
of about 4% at a position angle of ~ 30° due to interstellar dust grains.
Ott et al. (1999) found a flux-weighted polarization in the entire region of
4.1% =+ 0.6% at P.A. 30° + 10°, parallel to the Galactic Plane within
the error bars. As there is no reason for local anisotropies to be aligned
in any special direction, the overall polarization can be explained best by
anisotropic scattering at aligned particles in the spiral arms of the Milky
Way along the line of sight from the Earth to the Galactic Center.

In addition to the average polarization there is an unexpected excess
polarization of a few sources, which is of the order of 10% to 20% and/or
at an angle different from the general alignment of the stellar polarization
vectors in the cluster. This is for example the case for the sources IRS 21
and IRS 1W, which are also among those sources that show an excess of
emission at a wavelength of 10 pum and are extended. Furthermore, IRS 21
shows an almost featureless very red spectrum that is dominated by thermal
dust emission (Fig. 2.14; Gezari et al. 1985; Ott et al. 1999; Tanner et al.
2002).

One plausible explanation that has been offered for the observed excess
in polarization is that it is due to Mie-scattering in an extended, asymmet-
ric dust shell around these stars, a phenomenon which is also observed in
a number of galactic bipolar outflow sources (e.g. see Bastien & Menard
1990; Ageorges et al. 1996a; Ott et al. 1999; Ageorges et al. 1996b). Due to
the distribution of dielectric dust grains of sizes comparable to the wave-
length of the incident (unpolarized) radiation polarized light is scattered
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Fig. 2.14 Right: polarization of sources in the central 12.8" x 12.8" as obtained from
SHARP data (Ott et al. 1999). The mean flux-weighted polarization in the field is 4.1%
at 30°. Typical uncertainties are £1.9% and 18°. As an overlay the flux at a wavelength
of 1.3 cm shows the location of the mini-spiral. Left: the polarization data shown for the
two sources IRS 1W and IRS 21 that exhibit extended emission. The curve represents
the cosine function that was fitted to the data. A zero phase shift of the cosine function
would indicate a north-south direction of the E-vector for the polarized radiation. In
the map, north is up and east is to the left. (Offsets are given in arcseconds; south is
positive and east is positive.)

perpendicular to the line of sight between the radiation source and the
dust grain (with the E-vector also perpendicular to that connecting line).
If the dust is distributed evenly in a circularly symmetric pattern around
the star no integrated polarization can be observed. On the other hand, if
this symmetry is broken in the form of a bipolar outflow or any other kind
of non-circular symmetric distribution, a net polarization typically ranging
between 10% and 30% of the integral near-infrared flux is observed.

The degree of polarization reported for IRS 21 is at least twice the
value of the mean polarization in the whole field. Ott et al. (1999) report a
polarization of this source of 10% + 1.3% at a position angle of 14° + 10° in
a 0.5” aperture, while Eckart et al. (1995) derived in their diffraction limited
image a polarization of 17% at P.A. 16° in a 0.25” aperture. The difference
in the degree of polarization most likely results from the different aperture
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sizes. The observed degree of polarization of IRS 1W is 4.6% + 2.5% and
thus comparable to the overall polarization in the Galactic Center region,
however, with —84° + 8° its P.A. differs significantly from the overall
position angle (Eckart et al. 1995; Ott et al. 1999). In the mid-infrared
at a wavelength of 12.4 ym (Aitken et al. 1991) the general orientation
of the polarization vectors of these two sources agree to within 20° with
the orientation derived from the 2.2 ym Speckle results obtained with the
SHARP camera. The mid-infrared emission is clearly due to emission from
the dust.

The agreement between the mid- and near-infrared polarization vectors
therefore implies that the polarized radiation is most likely emission from
warm dust (rather than scattered light at 2.2 pm wavelength) with an
orientation of the position angle perpendicular to the magnetic field lines,
which follow the northern arm of the mini-spiral.

Since several sources in the Galactic Center cluster with a deviation
in their polarization properties are located along the so-called mini-spiral
(e.g. IRS21 and IRS1), it is very likely that their polarization is influenced
by local interstellar dust present within this gaseous feature. Tanner et al.
(2002) and Tanner et al. (2003) suggested that these sources create bow-
shocks when they plow through the dense medium of the mini-spiral.

2.10 Stellar Velocities and Orbital Accelerations

An important goal of the near-infrared high angular resolution imaging is
the investigation of the dynamics of the central star cluster. This allows
determining the mass profile in the Galactic Center, i.e. the profile of mass
enclosed in circular apertures centered on the position of Sgr A*. Early
attempts to measure the enclosed mass used gaseous tracers of the velocity
field, a method which is not necessarily {ree from magneto-hydrodynamical
influences and which uses only line-of-sight velocities, i.e. which does not
probe the full velocity field. Stars, on the other hand, can be regarded as
ideal frictionless test particles of the gravitational potential and their full
three-dimensional velocities can be measured, i.e. motion along the line-of-
sight and on the plane of the sky (proper motion).

Determining the velocities of stars in the central cluster in combination
with their density distribution allows testing our theoretical understand-
ing of the dynamics of dense clusters around supermassive black holes,
such as the formation of a cusp, mass segregation effects, or isotropy of
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such systems. Knowledge of the velocity field also allows the identification
of individual stellar populations with potential common origin, which is
important for the analysis of the dynamical evolution and star formation
history of the central stellar cluster.

Over the past decade two major programs to determine the proper
motions of stars in the Galactic Center were carried out. Since 1992 a
team of astrophysicists from the the Max-Planck-Institute of extraterres-
trial Physics (MPE; A. Eckart, R. Genzel, T. Ott, R. Schodel, and others,
with A. Eckart and R. Schidel now at the University of Cologne) have
been carrying out Speckle and Adaptive Optics observations with ESO
telescopes at La Silla and Paranal in Chile. Starting a few years later, in
1995, a group of astrophysicists of the University of California Los Angeles
(UCLA; A. Ghez, M. Morris, E. Becklin and others) have been using the
Keck telescope for the same purpose.

The most recent analysis of stellar dynamics in the central parsec, done
by the MPE group (Ott 2004; Genzel et al. 2003b), lists about 100 stars
with full three-dimensional velocity information and about 1000 stars with
measured two-dimensional proper motion velocities.

2.10.1 Measuring Stellar Proper Motions

A detailed description of the derivation of proper motions is given in Eckart
& Genzel (1997), Ghez et al. (1998), and more recently in Ott (2004). In this
section we only give a short overview dealing mostly with the SHARP and
NACO data sets explaining some of the fundamental steps in the analysis.
The addressed algorithms and essentials are similar for the analysis and
results of the Keck data (see all references to Ghez et al.).

The data base used consists of a few hundred shift-and-add images
(SSA) from Speckle observations with the SHARP/NTT camera (cover-
ing one to two observing runs per year between 1992 and 2001) and was
extended since the beginning of 2002 with the AO imaging data obtained
with the system NAOS/CONICA at the ESO VLT UT4.

In a first step, one has to measure the positions of point sources in the
images. For the 13/27 mas (NACO) to 50 mas (SHARP) pixel scale images
PSF cross-correlation, Gaussian fitting and aperture centroid measurements
on sources in the raw SSA images, the LUCY deconvolved images, and the
diffraction limited restored maps all give the same positions to within 1-10
milli-arcseconds, depending on the quality of the images (speckle or AO,
good or bad seeing, quality of AO correction, pixel scale) and on whether
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stars are bright and/or isolated or very faint and/or close multiple sources.

The pixel positions of the stars will of course depend primarily on the
instrument used, on the pixel scale, the image rotation, the pointing of the
telescope for the individual images and on other parameters, such as e.g.
optical image distortions, which might even vary between observing runs.
Therefore, as a second step, the stellar positions measured in the hundreds
of individual images must be transformed to a common coordinate system.
For this purpose, the imaging parameters for each coordinate and image
with respect to a reference frame are determined. A correction to second
order terms was found to be sufficient. Here, one assumes that the pixel
coordinates (z;, ;) of the i-th star can be written in terms of the corrected
offset coordinates (Az;,Ay;) from the base position as

& = ag + a1 Ax; + axAy; + agAx? + agAr; Ay, + a5Ayi2 (2.3)
and
Yy = by + hAz; + bszi + b3A£L‘? + b4A£L‘lAyz + b5Ayl2 (24)

The 0% order is the base position (ag, bo), the 1°* order (proportional to
Az and Ay in each coordinate) relates to a variation in pixel scale as well
as a rotation of the camera, and the 2"¢ order parameters give the image
distortions (proportional to Az?, Ay? and AzAy for each coordinate). The
2 x 6 instrumental parameters (ag, bo, ... as, bs) were determined for each
data set by comparison to a reference frame (a NAOS/CONICA image with
a sufficiently large field-of-view), which in turn was linked to the positional
radio reference frame as described in Eckart & Genzel (1997), Menten et al.
(1997), Reid et al. (2003a), Ott (2004), or Schadel (2004).

The 2 x 6 imaging parameters are obtained by solving an over-
determined nonlinear equation for N stars via orthonormalization of the
12 x N matrix, a procedure which turns out to be very stable in terms of
selection of the N stars, as long as the stars used for the transformation are
sufficiently bright and isolated and N = 50. The position of the centroid
of the N stars and the camera rotation angle are the main fit parameters.
However,the second order parameters must not be neglected if one intends
to attain accuracies of the order of a milli-arcsecond for the stellar posi-
tions. With the highest quality data (NAOS/CONICA and similarly for
the Keck data) a baseline as short as 2 years is sufficient to detect proper
motions larger than about one hundred kilometers per second. Assuming
a distance of 8 kpc to the Galactic Center a proper motion of 1 mas/yr
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corresponds to a velocity of approximately 39 km/s.

2.10.2 Motions in the Quter Cluster

For stars with separations from the compact radio source Sgr A* be-
tween 0.035 pc and 0.35 pc (i.e. between 0.9 and 9.0 arcsec) the intrinsic
proper motion velocity dispersion per coordinate (R.A. or Dec.) is about
160 - 15 km/s at a mean projected distance from Sgr A* of 0.12 pc {Genzel
et al. 2000; Schédel et al. 2003). This value is in excellent agreement with
the radial velocity dispersion results. This indicates that — to first order
— the stellar velocity field is indeed close to isotropic (but see discussion
of small deviations from isotropy in sections 3.1 and 3.6.2).

The velocity dispersion determined from proper motion and line-of-sight
velocity measurements of stars in the central parsec was found to increase
toward Sgr A* in agreement with Keplerian rotation about a point mass.
This indicates the presence of a compact mass of about 2 —3 x 105 Mg
(e.g. Eckart & Genzel 1997; Ott 2004). Here compact means: not resolved
by the motion of ensembles of stars or even a single stellar orbit.

2.10.3 Motions in the Inner Cluster

In the central arcsecond of the small Sgr A* cluster the proper motions are
much larger than in the large-scale, isothermal stellar cluster at the center of
the Milky Way. Evidence for these motions can already be seen by eye when
comparing raw SSA or adaptive optics images from the different observing
epochs (e.g. Fig. 2.15, the high-passed SSA images in Fig. 8 and Fig. 9 of
Eckart & Genzel (1996) and the maps presented in Schodel et al. (2003)).
Near Sgr A*, some proper motions exceed 25 mas/yr or approximately
1000 km/s. With the data from 10 years of high-resolution imaging of the
central stellar cluster Schidel et al. (2003) presented proper motions for
more than 40 stars at projected distances of < 1.2” from Sgr A*. The data
presented by Schodel et al. (2003) gives evidence for radial anisotropy of
the cluster of stars within an arcsecond around Sgr A* (see also Genzel
et al. 2000).

In Fig. 2.16 the velocity vectors of the stars in the inner few arcseconds
are given as they were determined from NAOS/CONICA images taken in
2002 and 2003. The two most obvious, bright high velocity stars are S1
and S2.

The proper motion velocity of the star S1 was already measured in early
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Fig. 2.15 High-resolution maps of the central 2" x 2" around Sgr A* (see Schédel 2004).
Epochs 1992 to 2001 show maps obtained from SHARP/NTT imaging data. All maps
resulted after Lucy-Richardson deconvolution of SSA images and subsequent restoration
with a Gaussian PSF. FWHM of the PSF on the SHARP maps is 100 mas. Epochs 2002
and 2003 are NACO/VLT images (FWHM of 60 mas). Offsets are given in arcseconds
from Sgr A*. North is up and east is to the left.

publications to reach the impressive speed of about 1400 km/s (e.g. Eckart
& Genzel 1997; Ghez et al. 1998; Eckart et al. 2002a), but star S2 even
exceeded that value as it passed through the peri-center of its orbit in April
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Fig. 2.16 Proper motion of stars near Sgr A¥*. Stellar velocities within 1.2 of Sgr A*,
derived from the NACO 2002/2003 imaging data, superposed on a NACO 2003.35 LR
deconvolved and beam restored K-band image (Schodel 2004). Sgr A* is visible in its
flaring state as a point source at the origin.

2002 at a distance of only 17 light hours from Sgr A* with a proper motion
velocity of about 6950 km/s (corresponding to a space velocity of about
7300 km/s; Eisenhauer et al. 2003b). Such high velocities had already been
predicted in some scenarios by Eckart et al. (2002a) (see their Fig. 15).

In Tab. 2.1 we summarize the proper motion of some of the central stars
as they are indicated in Fig. 2.16. From these velocities one obtains with
a Leonard-Merritt mass estimator (see chapter 3.3) an enclosed dark mass
of 4.0 4+ 0.8 x 10° Mg, within a projected distance of about 0.025 pc (0.6")
from Sgr A* (Schodel 2004). Surprisingly, the stellar velocities within this
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central cluster show signs of radial anisotropy (see section 3.6.2; Genzel
et al. 2000; Schodel 2004).

Table 2.1 NACO/VLT 2002-2003: list of stars near Sgr A*. Listed
are (from left to right): mname, distance from Sgr A*, brightness, off-
set in R.A. and Dec., velocity and corresponding uncertainty in R.A. and
Dec..  The stars are ordered with increasing distance from Sgr A¥* (sec-
ond column). Positions are for the epoch 2003.45. Accuracies of all po-
sitions are about 1-2 mas. For further details see Schédel (2004).

Name R Mp¢ AR.A ADEC Va4 dVR_‘?_ \CEL dVp e
(arcsec) {mag) (arcsec) (arcsec) {(km s™ %) (km s~ ) (km s™ 1) (km sfl)

S2 0.085 13.9 0.038 0.075 410 87 2501 118
0.123 15.5 0.009 -0.122 -49 76 979 100

513 0.153 15.6 -0.146 0.0486 819 68 1751 64
S14 0.161 15.5 0.135 0.088 1210 73 881 79
0.200 17.1 -0.075 0.186 -170 132 2330 112

S1 0.221 14.4 -0.024 -0.219 709 60 -966 62
S12 0.286 15.2 -0.060 0.280 267 55 1106 65
0.299 16.3 0.141 -0.264 899 65 -396 87

S4 0.299 14.1 0.276 0.116 481 61 51 71
0.344 16.6 -0.313 -0.143 -672 49 40 66

0.371 16.1 0.280 0.242 64 65 177 96

S10 0.388 13.8 0.052 -0.384 -195 60 194 63
0.390 15.3 -0.291 0.259 310 52 -815 59

S5 0.392 15.0 0.352 0.172 -161 67 565 115
S9 0.402 14.8 0.181 -0.358 -32 68 -192 67
0.444 14.9 -0.103 -0.431 -81 57 85 58

0.447 17.1 0.428 -0.130 451 181 158 93

S8 0.460 14.1 0.377 -0.264 454 64 -450 73
0.481 16.2 -0.314 -0.364 -106 49 135 60

56 0.481 15.1 0.473 0.089 218 68 52 77
0.493 16.4 0.340 0.357 -150 67 467 79

ST 0.523 14.9 0.521 -0.048 -104 65 -122 76
0.543 15.3 0.147 0.522 9 63 177 65

0.552 16.5 -0.206 0.512 81 58 -499 80

0.568 15.3 0.315 -0.472 297 74 206 73

0.578 15.3 -0.168 -0.553 194 52 444 57

0.588 17.1 -0.494 -0.320 -41 39 752 53

811 0.598 14.0 0.165 -0.575 311 78 -153 69
0.603 15.4 -0.454 -0.397 -521 40 127 50

0.620 16.4 0.438 0.438 36 75 567 80

0.620 15.3 0.241 -0.572 154 96 -242 73

weé 0.681 14.1 -0.560 0.387 9 47 160 41
0.681 14.7 0.526 0.433 175 62 129 77

80-13 0.698 13.1 0.544 -0.437 32 67 153 76
0.750 16.8 -0.170 -0.731 61 67 224 T4

0.751 17.5 0.059 -0.748 182 110 80 93

0.816 16.1 0.484 -0.658 -700 86 -566 81

W9 0.823 13.4 -0.774 -0.281 30 36 6 36
0.886 16.8 -0.100 -0.880 -58 58 50 63

0.891 15.4 0.339 -0.824 334 71 -280 84

0.965 11.8 0.419 0.869 -559 68 138 69

W3 0.978 13.4 -0.945 0.252 -188 60 -345 32
S0-5 0.982 12.3 0.342 -0.921 -160 75 205 64
0.990 15.7 -0.583 -0.800 203 46 451 43

0.998 15.3 -0.919 0.388 207 65 o 41

1.004 12.9 1.004 0.019 191 61 66 87

1.019 14.5 -0.012 -1.018 465 62 8 54

1.045 15.8 -0.309 -0.998 -400 52 -324 47

S0-4 1.060 12.2 0.812 -0.681 392 69 155 81
1.095 13.8 -0.646 -0.884 261 36 -151 39

1.130 15.3 -0.983 0.557 -95 74 -13 31

1.157 15.0 -0.961 -0.644 -201 47 -85 35

1.157 15.5 -1.028 -0.531 -147 51 -304 36

1.175 15.2 -0.925 0.724 -304 74 98 37

1.191 17.2 -0.900 -0.779 270 73 163 55
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2.10.4 Accelerations of Stars Near Sgr A*

First measurements of stellar orbital accelerations near Sgr A* were re-
ported by Ghez et al. (2000} and later on confirmed by Eckart et al.
(2002a). The observed projected orbital accelerations represent a change
in the proper motion velocities, and in the case of the Galactic Center they
are therefore conveniently given in units of milli-arcseconds per square year
(1 mas yr=2 = 1.2 x 1075 km s=2). The orbital accelerations of the stars
with separations from Sgr A* of only a few milli-arcseconds are of the order
of a few mas yr=2, and in fact are comparable to those experienced by the
Earth as it orbits the sun. Since the acceleration vectors — even in projec-
tion onto the plane of the sky — point at the gravitational center of mass,
orbital acceleration measurements can help to localize this dark mass. Ghez
et al. (2000) and Eckart et al. (20022) both found a discrepancy between
the then known nominal radio position of Sgr A* (Menten et al. 1997) and
the position of the gravity center. This motivated Reid et al. (2003a) to
repeat the alignment of the radio and infrared frames with improved data,
which resolved this inconsistency.

Furthermore, orbital acceleration measurements allow to derive an up-
per limit on the enclosed mass. For a star at a projected separation R from
the center and a projected, observable acceleration aqps the total enclosed
mass M can be calculated using the equation

M = apps R°G 1cos™3(0) (2.5)

with 6 being the angle between the radius vector to the star and the plane
of the sky containing the central mass. Plotting the lower limits M cos®(0)
of the enclosed mass as a function of the projected radius is equivalent to
the assumption that the stars are in exactly the same plane of the sky as
the central dark mass at the position of Sgr A* (see Eckart et al. 2002a,
Fig. 5), an assumption which is of course not justified in general, and any
more realistic approach needs to correct for such geometrical projection
effects. The quantity (cosf)~! increases monotonically with the distance
from the plane of the sky in which Sgr A* is located and its median can
be calculated for each given stellar density distribution n(r). A statistical
estimate of M can therefore be derived using median values of (cosf) ! for
any assumed density distribution n(r) (Eckart et al. 2002a).
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Table 2.2 Parameters of individual orbits near
Sgr A*: List of the orbital parameters and their uncer-
tainties for 6 stars near Sgr A* (see Schodel 2004). All
values are given for a GC distance of 7.94 kpc (Eisen-
hauer et al. 2003b). S2: The first line gives the values
and uncertainties from Schidel et al. (2002), the second line
from Eisenhauer et al. (2003b) and Schidel (2004), respec-
tively. The third line gives the results of Ghez et al. (2003b).
Other stars: The first lines list the results of Keplerian
fitting with the formal fit errors and the second lines list
the values and errors derived from variations of the central
mass (S1, S12, S18) or of the focus position (814,812) that
was fized during the fitting procedure (see Schodel 2004).

Mo P Theri
(10Mp) (yo) Gyr)

52 3.650.3 15.56£0.35 2002.331£0.012
4.0+0.3 15.0240.72 2002.3440.01
3.7+1.5 15.24+1.0 2002.30+0.05

S14 4.4+11.0 14.6+14.1 2000.8+0.6
4.5 +0.2 16.0 + 2.7 2000.9 4 0.1

S12 3.2+1.5 46.2 + 8.7 1995.5 + 0.06
3.2 & 0.05 45.7 + 1.2 1995.4 £ 0.02

s1 3.6 +2.0 87.8 & 18.8 1997.9 + 2.6

4.2 70.1 1997.7
3.633 87-81748 1997.91998.0
513  36+1.3 44.3 + 6.5 2005.8 + 0.4
3.9 39.7 2006.3
3633 44.339:74 2005.82988 9
S8 3.4+ oo 90.5 + oo 1987.6 + oo
3.9 116.3 1982.7
34371 90.557 1987.61987 8
e i a Tperi
(deg) (mpc) (mpc)

52 0.58110.007 48.1L1.3 163£0.10 0.55£0.03
0.8840.01 -46.441.7 4.6840.17 0.58+0.04
0.8740.03 +46.0 £4.0  4.62 & 0.58 0.60 + 0.17

S14  0.8740.23 +83.143.4 4.8 +2.3 0.6 + 1.1
0.89 + 0.04 +83.0 £ 0.3 5.0 £ 0.5 0.2+0.4

S12 0.79 + 0.03 +56.6 2.7 9.2+ 0.8 1.9 £0.3
0.790 + 0.005  +56.6 £0.2 9.1 + 0.1 1.9 £0.05

s1 0.33 + 0.08 +56.0£0.0 147+ 1.7 9.9 + 1.7
o seolly | ierigd o

S13 0.41 + 0.04 +20.0 £ 0.0 9.3:+0.6 5.5+ 0.5

0.39 7.0 85 5.2
0.415:59 2004279 937076 5.571

S8 0.96 + so +52.0+£0.0 14.74 oo 0.6 &+ oo

0.960:83 52.048:8 10.735:3 0.68:3

2.10.5 Stellar Orbits

The first measurements of orbital accelerations for the stars S1 and S2 were
consistent with bound orbits around a ~3 million solar mass central object
and increased the inferred minimum mass density in the central region of
our Galaxy by an order of magnitude relative to previous results that were
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based on proper motion velocities alone. Assuming that the stars S1 and
82 were on bound orbits, Ghez et al. (2000) derived periods of 35-1200
(S1) and 15-500 years (S2) and eccentricities of 0 to 0.9 (S1) and 0.5 to 0.9
(S2), respectively. From the combined SHARP and Keck data Eckart et al.
(2002a) could show that star S2 was indeed on a bound orbit around Sgr A*
and could give first estimates of its orbital elements. That investigation
indicated that the stars S1, S2, and S8 were on fairly inclined and eccentric
orbits. However, the range of possible orbital elements constrained by the
works of Ghez et al. (2000) and Eckart et al. (2002a) still allowed for a wide
range of orbital solutions.

Observations of the peri-center passage of the star S2 enabled Schédel
et al. (2002) and Ghez et al. (2003b) to calculate a unique orbital solution
for this star. Schodel et al. (2002) found that it circles a central dark mass of
3.7+ 1.5 x 10° Mg, with a period of about 15 years, an eccentricity of 0.87,
and a peri-center distance of about 17 light hours. Ghez et al. (2003b)
found very similar values and additionally constrained the focus of the
orbit with an accuracy of < 2 mas. Subsequently, Eisenhauer et al. (2003b)
combined the observed time-dependent positions with measurements of the
line-of-sight velocity of S2 in order to determine the geometrical distance
to 52, i.e. the Galactic Center, and obtained a value of Rg = 7.9+ 0.4 kpc,
in agreement with earlier, indirect measurements of this fundamental scale
(Reid 1993). Ghez et al. (2003a) and Schodel et al. (2003) concluded that
the center of acceleration coincides with the radio position of Sgr A* to
within less than about 2 mas, corresponding to 0.08 mpc or 2.2 light hours
at a distance of 8 kpc.

Figure 2.17 shows the measured 1992-2003 positions of S2 relative to
Sgr A* (e.g. Schodel et al. 2003; Eisenhauer et al. 2003b). The black ellipse
is the Keplerian orbit determined by Eisenhauer et al. (2003b). Tts parame-
ters along with their 1o uncertainties are listed in Tab. 2.2. The orbit of S2
probes the concentration of the central dark mass at a distance of 114 AU
or only ~1600 times the Schwarzschild radius of a ~3.6 million solar mass
black hole. The derived mass coincides to within 15% with the best pre-
vious mass estimates, obtained from statistical projected mass estimators,
Jeans mass modeling of the ensemble of proper motions stars near Sgr A*
(Genzel et al. 2000), or mass estimates from the accelerations of the inner
most high velocity stars (Eckart et al. 2002a).

Ghez et al. (2003a) and Schodel et al. (2003) found accelerated motion
for 6 stars, with 4 stars having passed the peri-center of their orbits during
the observed time span. The orbits of these stars are illustrated in Fig. 2.18,
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Fig. 2.17 Orbit of the star S2. Light grey: positions measured with SHARP/NTT
between 1992 and 2001. Dark grey: positions measured with NACO/VLT between 2002
and 2003. The black crosses give the position of S2 at January 1 of 1992-2004. The
black cross and the 10 mas error circle at (0,0) indicate the nominal radio position of
Sgr A*. The small circle inside the radio position uncertainty indicates the uncertainty
of the position of the focus of the orbit (see also Schodel et al. 2003; Eisenhauer et al.
2003b; Schodel 2004). See also color Fig. A.3.

with their parameters listed in Tab. 2.2 (see Schodel 2004). Particularly
interesting is the case of the star S0-16 (Ghez et al. 2003a; Schodel 2004)
that passed within just 60 AU of Sgr A*, i.e. even closer than S2 (alias
S0-2). However, its orbit is less well determined than that of S2. With
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Fig. 2.18 Orbits of stars around Sgr A*. Lucy-Richardson deconvolved and beam-
restored high-resolution (FWHM~ 60 milli-arcseconds) near-infrared (2.2 pm) image of
the nuclear stellar cluster in the immediate environment of Sgr A*. The image was
obtained with CONICA/NAOS at the ESO VLT in June 2003. On this image Sgr A*
can be seen in its flaring state (see chapter 2.13.4) as a point source at the origin of
the coordinate system. The Keplerian orbits of six stars are over-plotted onto the image
(see also Schodel 2004). Arrows indicate the locations of the respective stars and their
directions of motion. North is up and east is to the left. See also color Fig. A.4.

observing and data analysis routines improving rapidly, it is expected that
soon accelerated motion will be detected for even more stars near Sgr A*.
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2.11 Spectroscopy

Similar to imaging observations, stellar spectroscopy can be done most effi-
ciently at near- and mid-infrared wavelengths because of the high extinction
towards the center of our Galaxy. Near-infrared flux calibrated spectra and
spectroscopically measured line-of-sight velocities were obtained by many
authors (e.g. Rieke & Rieke 1988; McGinn et al. 1989; Sellgren et al. 1990;
Lindqvist et al. 1992; Haller et al. 1996), however, & major portion of the
available radial velocity measurements was obtained with the 3D imaging
spectrometer built at the MPE (e.g. Krabbe et al. 1995; Eckart et al. 1995;
Eckart & Genzel 1996; Genzel et al. 1996, 2000) . In a crowded field like
the Galactic Center integral field spectroscopy is clearly an advantage over
slit spectroscopy, since the spectra of all sources in a given field of view
can be obtained simultaneously and do not have to be collected via multi-
ple slit settings over varying seeing conditions. A new MPZE-built imaging
spectrometer, SPIFFI (Eisenhauer et al. 2003a), that will allow diffraction
limited observations at the VLT, is currently being commissioned (see sec-
tion 1.4.2).

To verify that the spectra of individual isolated stars are not or are
only on a very low level contaminated by neighboring objects, the early
SHARP/NTT speckle image reconstructions or the more recent adaptive
optics images of NAOS/CONICA can be used. In a second step, the radial
velocities of the isolated stars are determined via cross-correlation with
template star spectra to an accuracy of a few 10 km/s (Krabbe et al. 1995;
Genzel et al. 1996).

Another technique, speckle spectroscopy, applied with SHARP at the
NTT allowed retrieving spectroscopic information with very low spectral,
but high spatial resolution on stars in the entire field-of-view of the speckle
camera (for a detailed description of the technique see section 1.3.5 and
Genzel et al. 1997). It could not be used for obtaining velocity measure-
ments, but was very useful in determining the nature of stars in the crowded
field of the GC. For the high velocity stars in the central arcsecond initial
speckle spectroscopy measurements showed that most of these objects are
most likely not associated with late type stars, but are more likely early
09 - B0.5 stars with masses of 15 to 20 M. Recently, adaptive optics
spectroscopy with 10 m class telescopes has delivered first high resolution
spectra, which allow a reliable identification of stellar types and radial ve-
locities (Gezari et al. 2002; Ghez et al. 2003b; Eisenhauer et al. 2003b).

The spectroscopically observed radial velocity dispersion and the veloc-
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ity dispersion derived from the stellar proper motion data compare very
well with each other (e.g. Eckart & Genzel 1997; Genzel et al. 2000, and
references therein). Both velocity dispersions show a clear Keplerian falloff
as a function of projected distance from Sgr A*, an indication that there
must be a large compact mass located at the dynamical center, since oth-
erwise the innermost measured velocity dispersion data points would fall
significantly below the Keplerian curve. Furthermore, differences in the ra-
dial and proper motion characteristics as a function of stellar type indicate
a small degree of anisotropy coupled with the evolution of the overall cen-
tral stellar cluster, e.g. the coherent rotation pattern, counter to galactic
rotation, of a group of early-type stars within a few arcseconds of Sgr A*
(Genzel et al. 1996, 2000, 2003b, see section 3.1 and Fig. 3.1).

2.11.1 Stellar Populations

Starting in the late 1980s several international working groups measured
NIR spectra of the stars in the Galactic Center stellar cluster (e.g. Rieke
& Rieke 1988; Sellgren et al. 1990; Krabbe et al. 1995; Haller et al. 1996).
Most of them were found to be red giants and super giants (IRS 7). Allen
et al. (1990) and Forrest et al. (1986) reported broad lines toward the
TRS 16 complex that were due to Ofpe/WN9 stars, and a luminous, appar-
ently young object 8 SW of the central cluster — the so called AF star.
Shortly thereafter, Krabbe et al. (1991, 1995) found a cluster of Hel stars
concentrated in the IRS 16 and the small IRS 13 complexes, which are both
located within about 4 arcsec of Sgr A*. Detailed atmospheric model cal-
culations of the brightest central hot stars were performed for the first time
by Najarro et al. (1994, 1997). They found that the Hel stars have effective
temperatures of typically a few times 10* K and luminosities of the order
2—20 x 10° L, and are sources of strong, supersonic winds. Table 2.3 lists
the properties of three representative Hel stars (Najarro et al. 1997).

An extensive list is provided by Krabbe et al. (1995), who list 12 stars
of type WN9/Ofpe, of which several objects are pure He I stars (IRS 13E,
IRS 15SW, IRS 15NE, IRS 7W, IRS 7E, IRS 16NW, IRS 34W, and
IRS 33E) and 5 are WC9 stars (IRS 29N, IRS 6, MPE-1.0-3.5, MPE+1.6-
6.8, and MPE+2.7-6.9). The WC9 stars show a broad emission line feature
at 2.110 pm as a combination of Hel, CIII, and NIII. For the source IRS 13E
a weak 2.189 pm line of He II emission was observed.

Very hot and luminous stars were also found in other regions near the
Galactic Center. Nagata et al. (1990) and Okuda et al. (1990) found the
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Table 2.3 Basic Properties of representative
hot GC Stars (Najarro et al. 1997).

AF-star IRS16NE IRSI13El

R.(Rp) 40 85 60

L.(10° Lg ) 2.0 22.0 22.6
T. 55 (10*K) 1.93 2.41 2.89
He/H 1.7 1.0 >500
M(10~®)Lg /yr 8.7 9.5 79.1
Voo (km /) 700 550 1000

Quintuplet cluster, followed by the discovery of Wolf-Rayet and luminous
blue variable (LBV) stars in that region by Figer et al. (1995), and the
discovery of a second cluster of hot stars near the central parsec — the
Arches cluster — by Cotera et al. (1992) and Nagata et al. (1995) (see also
Serabyn et al. 1998). Figer et al. (1998) performed a detailed investiga-
tion of the Pistol star, one of the most luminous stars known so far. Figer
et al. (1999b) found more than a dozen massive stars in early stages of
their evolution in the Quintuplet cluster, such as luminous blue variables
(LBVs), Ofpe/WN9, and OB supergiants. Figer et al. (1999a) presented
HST NICMOS observations of both the Quintuplet and the Arches clusters,
detecting main sequence stars with masses well below 10 M and deriving
the slope of the IMF of these two young clusters (Arches ~2+1 Myr, Quin-
tuplet ~4+1 Myr). They found that — compared to other young clusters in
the galaxy — the slope of the IMF in these two massive clusters is skewed
significantly towards higher masses. The detection of young, luminous stars
outside the central parsec with similar properties as the Hel stars in the
central cluster strongly suggests that the blue supergiants/Hel stars are
not exotic objects such as, e.g. accreting black holes with optically thick
atmospheres (Morris 1993), but indeed young massive stars on their way
off the main sequence, as proposed by Allen et al. (1990), Krabbe et al.
(1995), and Najarro ef al. (1997).

Near- and mid-infrared spectroscopy allows for a quantitative anal-
ysis of the power budget of the Galactic Center region, and leads to
the result that the hot stars essentially determine the radiation field
within the central stellar cluster. The Short Wavelength Spectrometer
(de Graauw et al. 1996b, SWS) on board of the Infrared Space Obser-
vatory (ISO) allowed one to observe a wide range of ionic fine struc-
ture lines (Lutz et al. 1996). Three independent diagnostic line ratios
([STV] 10.51 pm/[SIII] 18.71 pm, [ArIII] 8.991 pm/{ArIl] 6.985 pm, and
[Nelll] 15.55 pm/[Nell] 12.81 um) yielded an average effective tempera-
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ture of the ionizing stars of 35000 K + 2000 K, a value which implies
only a small contribution from hotter stars like the WN9 to WNb stars
detected via direct near-infrared imaging (Krabbe et al. 1995; Blum et al.
1995; Genzel et al. 1996, 2000).

Using the current theories of stellar evolutionary tracks and hot stel-
lar model atmospheres it is difficult to reproduce the measured line ratios.
However, calculations were performed (Lutz et al. 1996, and Lutz private
communication) for a stellar cluster with initial parameters as suggested
by the observations: e.g. for solar metalicity, a star formation time scale
of 1 Myr, an upper mass cut-off of 100 Mg, an ionization parameter of
log U = —1, and a density of 3000 cm~3 as derived in Lutz et al. (1996).
Assuming an age of the most recent starburst of 7 Myr, as suggested by
the stellar census, delivers a [NellI]/[Nell] line ratio of 1 to 2, which is well
above the observed extinction corrected value of 0.05, a discrepancy which
could arise due to problems with the model atmospheres, as well as with
the evolutionary tracks. Already the 7 most luminous and hottest stars
(Najarro et al. 1997) with T < 10*% K and L > 10°7® L, provide half of
the ionizing luminosity of the central stellar cluster, which is in contrast to
current stellar evolutionary tracks, which predict less than 1% of the ioniz-
ing luminosity for the same temperature and luminosity range. This result
remains unchanged when using tracks with twice the solar metalicity and
higher mass loss. As a result, the Galactic Center observations suggest to
revise the current evolutionary tracks in the direction of a more pronounced
B supergiant phase.

2.11.2 The Upper Mass Cut-Off

A critical parameter in the description of the evolution of stellar clusters
is the upper cut-off in their mass function. Binary stars are ideal for the
determination of stellar masses, and eclipsing binaries can be studied even
in more distant stellar systems, since they can be identified quite easily via
their light curves derived from variability studies. For the Galactic Center
such a study was performed doing aperture photometry on deconvolved
images using three different deconvolution methods, and the results are
presented in detail in Ott et al. (1999). With the time coverage provided
by the multi-epoch Galactic Center observations, the authors were able to
show that IRS 16SW is an eclipsing binary with a period of 9.72 days.

In the top section of Fig. 2.19, we show the raw light curve as deduced
from the SHARP/NTT speckle data. Since the longest observing run in
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Fig. 2.19 Light curve of IRS 16SW and determination of its period as shown by Ott
et al. (1999). Top: raw light curve. Bottom left: result of a reduced x?2 test used to
determine the period of 9.72 days. Bottom right: data folded back into a two-period
interval. The arrow indicates the possible secondary minimum.

May 1998 was just slightly longer than the period of IRS 16SW, Ott et al.
(1999) performed a reduced x*-test of 1000 periods in the range between
9 and 11 days in order to get a plot of a single period. In the reduced
x>-test, the absolute minimum corresponds to the period that fits best to
the observed data.

The symmetrical shape of the light curve and a hint for a second local
minimum suggest that this star is indeed an eclipsing binary. A more de-
tailed discussion on the nature of IRS 16SW is given in Ott et al. (1999).
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They give an estimation of the mass of IRS 16SW, based on the only as-
sumption that it is a semi-detached 3 Lyrae system, as it is suggested by
the shape of its light curve. Kepler’s third law relates the period P, the
separation r and the sum of the masses My + M, of a 2-body system in-
dependent of its inclination and ellipticity: P? = 4w2r3G—1(M71+ My)™1,
with G denoting the gravitational constant. Solving for the total mass, we
can give a relation between the separation of the components and the mass
M of the system, which yields M = (M; + Mz) = %ﬁg. Furthermore,
we can give a lower limit to the mass of IRS 16SW when considering the
minimum separation, which can be derived in the following way.

The radius of IRS 16SW was estimated by model calculations to be
of the order of ~ 90 R (Najarro et al. 1997). Assuming that the total
luminosity originates predominantly from the main component, this would
be the minimum separation possible for an eclipsing binary. Inserting this
value into the equation above then gives a lower limit to the total mass of
M = 104 M.

Ott et al. (1999) calculate some useful limits on the involved quantities
by assuming the extreme case that the luminosity is distributed evenly
between the two components of the binary star. In that case the stars
would have radii of ~ 65 R, with a resulting separation of at least 130 R,
and a total mass of the system of 300 M. The upper limit to the orbital
velocity in the system would be 677 km/sec in this scenario. In order to
spectroscopically resolve the resulting Doppler-shift in an emission line, a
minimum spectral resolution of A / AX of ~ 1000 is required.

2.11.3 The Central Arcsecond

The high velocity stars in the central cusp around the supermassive black
hole are of special interest, since the motion of these inner stars allows one
to measure the central mass and mass density with high accuracy. Since
a significant fraction of the stars in the cusp appear to be early type stars
(Genzel et al. 1997; Gezari et al. 2002; Genzel et al. 2003b; Ghez et al.
2003D, see also section 2.8.1), it is currently quite unclear how these objects
can be present there, how the stellar population in the cusp evolves, and
how it is linked to the population at larger radii. Observationally it is
very difficult to obtain high quality high resolution spectra of these sources
mainly because of two reasons: at first, they are all located within 1” or
2” from the center, so that high angular resolution techniques are needed
to separate them, and as a second problem the gas of the mini-spiral emits
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contaminating Hydrogen and Helium recombination lines.
In the following sections we outline the observational efforts and results
that have lead to the first spectra of the brightest stars in the central cluster.

2.11.4 Results of Speckle Spectroscopy

The small Sgr A* cluster contains about half a dozen stars brighter than
K = 14.0™ and about a full dozen of sources brighter than K = 14.5™
in an area of about 17 to 2”7 diameter. This cusp is located only about
2”7 east of the bright K < 9 — 10™ members of the IRS 16 complex,
which are about 100 times brighter than the stars close to Sgr A*. Despite
of that complication early low resolution spectra were obtained with the
SHARP/NTT camera and resulted in a valuable estimate of the spectral
type of the high velocity sources, information which is essential to determine
the masses of these stars and derive a lower limit to the compact dark mass
at the dynamical center. The spectroscopic speckle imaging technique,
which was used to obtain dispersed stellar spectra at the diffraction limit
of the ESO New Technology Telescope on La Silla, involved the use of
the speckle camera SHARP, a low-dispersion objective prism, broad, and
narrow band filters and allowed to obtain low-resolution spectra of stars
brighter than K = 14.5 over the entire field-of-view of the imaging system.
The technique is described in detail in section 1.3.5 and in Genzel et al.
(1997). In the following sections we will summarize the process of how the
spectra where extracted from the objective prism images.

2.11.4.1  Extraction and Calibration of Spectra

With the exact relative positions of the stars known from high-resolution
imaging, the individual spectra were extracted from the spectrally dispersed
images. The relative spectral calibration was done by dividing the extracted
spectrum of any star with the raw spectrum of IRS 29N, and multiplying the
result with the calibrated (and convolved with the spectral resolution of the
speckle spectroscopy data) spectrum of IRS 29N, a well suited source, which
shows an almost featureless spectrum at a resolution of A / AX ~ 800—1000
(Krabbe et al. 1995; Genzel et al. 1996). The absolute wavelength calibra-
tion was obtained by using the sharp and well defined intensity cutoffs of
the K-band filter edges. Due to the almost threefold oversampling of the
diffraction limit with the SHARP/NTT camera the accuracy of the wave-
length calibration was about three times better than the A / AX = 35
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spectral resolution of the data. Genzel et al. (1997) demonstrated with the
spectra of the featureless source IRS 3, of a typical late-type star, IRS 13W,
and of two typical Hel emission line stars, IRS 16SW and IRS 16NW, as
obtained by speckle spectroscopy, that the overall spectral shape, as well as
the prominent CO band head absorption feature, can clearly be discerned
in the low resolution spectra. The CO band head feature was also used to
verify the wavelength calibration. The narrower He I emission line, how-
ever, was too much diluted for reliable detection at the spectral resolution
of the speckle spectroscopy data. The detailed procedure of how the spec-
tra of the stars S1, S2, S8 and S11 within the small Sgr A* cluster were
extracted is given in Genzel et al. (1997).

2.11.4.2 Spectra in the Central Sgr A* Cluster

Since the GC stellar cluster is very crowded, most of the spectra are con-
taminated by other nearby objects. The central Sgr A* cluster, however,
is located west of the IRS 16 complex in a region devoid of bright stars,
with the separation to any bright star being larger than 1”7 and the contam-
inating effects of neighboring sources therefore being comparatively small.
About half of the Sgr A* cluster sources were distributed in north-south
direction at the time of the speckle spectroscopy experiment, a coincidence
which could be exploited to extract low resolution spectra of individual
stars in this region.

The resulting spectra of the sources S1, S2, S8 and S11 as obtained
with the extraction techniques described in Genzel el al. (1997) are fairly
flat and increase slowly in flux toward longer wavelength. Since CO band-
head absorption is absent, S1, S2, S8 and S11 cannot be late type giant
stars. While appearing somewhat redder than the most prominent He 1
emission line stars in the IRS 16 complex, their spectral characteristics
are consistent with early type stars located in the central cluster. There
is also no indication for very strong line emission (or absorption) at the
wavelengths of the He I and/or Br~ emission lines, which is not surprising,
since the narrow He I/Br+y emission lines cannot be observed even in the
classical He I emission line stars at this low spectral resolution.

The obtained results are fully consistent with broad band JHK colors
and narrow band filter data and were confirmed later by seeing limited
spectroscopy using the VLT (see Fig. 2.20 and Eckart et al. 1999a) and
Keck telescopes (Figer et al. 2000). Genzel et al. (1997) thus concluded
that the mg ~ 14.5 sources in the central Sgr A* cluster are most likely
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Fig. 2.20 Spectra of the northern and southern part of the Sgr A* cluster as well as
the late type star 1.12” south of the center as shown by Eckart et al. (1999a). No
CO(2-0) 2.293 pum and CO(3-1) 2.323 um bandhead absorption is measured towards
the northern part containing the fast moving sources S1 and S2. The weak absorption
features towards the south could be due to contaminating flux density contributions from
sources other than S9, S10 and S11. The spectrum of the southern part has been shifted
down by 150 units; the spectrum of the late type star was shifted down by 300 units.

moderately luminous (L ~ 5,000 to 10,000 L, ) early type stars. If these
sources are on the main sequence they have to be 09 - B0.5 stars with
masses of 15 to 20 My and ages of less than 20 Myrs.

2.11.5 Adaptive Optics Spectroscopy of the Central Cusp

Gerari et al. (2002) presented K-band A / AX ~ 2600 spectroscopy of five
stars (K = 14 — 16™) within 0.5” of Sgr A*, applying, for the first time,
adaptive optics in combination with spectroscopy on this target. The high
spatial resolution of ~ 0.09” and good Strehl ratios of ~ 0.2 achieved with
the AO system on the 10 m Keck telescope allowed them, for the first time,
to measure individual moderate-resolution spectra of these stars. Two stars
{S0-17 and S0-18) were identified as late-type stars by the detection of CO
band-head absorption, with the respective absolute K-band magnitudes and
CO band-head absorption strengths being consistent with early K giants.
Three stars S1 (alias S0-1), S2 (alias S0-2), and S0-16 (alias S14) with
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rproj < 0.0075 pc (~ 0.2”) from Sgr A* lack CO band-head absorption,
confirming the earlier result of speckle spectroscopy with SHARP/NTT
and the seeing limited observations of Eckart et al. (1999a) and Figer et al.
(2000) (Fig. 2.20).

He 12.1126 um Bry
180 T T L e R
L ; | d
i i i i
han | ’/IPEW Ik MM’WM"WW‘“MWM"'—
i f Ly | 80-2 plus local gas 7
i i il §
@ 140 i | _
g N /\,‘,‘;wtﬁwﬁwf | 3
% [ Wi ! | )
% 120 i | _
i » | | &ﬂ
> i ! R
‘G 100 |- i ) W N AMMMWWWMW\‘V
S i . .
2 f i 50-2
E i E Wl‘"\l‘“‘ " ]
80 — I ~
SRR | ;
60 MWW%@MMWW“WWWWWW et
! X | local gas |
L L [ e b [ 1]
2.05 2.10 2.15 2.20 2.25 2.30
A [um]
Fig. 2.21 This spectrum was obtained in June 2000 and is shown in Ghez et al. (2003b).

It is the first spectrum of S0-2 to show detectable photospheric absorption lines (Brvy
and He I) and identifies this star as a ~09 main sequence star. The final spectrum
(middle) is the raw spectrum (top; with only an instrumental background removed)
minus a local sky (bottom). The horizontal dimension was re-binned by a factor of 2 for
display purposes only. The vertical lines are drawn at 2.10899 and 2.16240 pm, which
correspond to the locations of Bry and He I for a vy, gg of -513 km s~ 1.

Ghez et al. (2003a) reported the first detection of spectral absorption
lines in one of the high velocity stars in the vicinity of the Galaxy’s central
supermassive black hole. Their observations were carried out using the
AO system at the 10 m Keck telescope (Wizinowich et al. 2000a) and the
Near-Infrared Camera 2 (NIRC2, e.g. McLean & Sprayberry 2003b). The
AO loop was locked on a R 13.2™ natural guide star (USNO 0600-
28579500; star No.2 in Biretta et al. (1982)) located about 30” NNE of S2.
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The achieved spectral resolution was R = 4000 (75 km/s) over a spectral
range of 0.3 pm, and the accuracy of the wavelength calibration was 9 km/s.
Seven 20 minute exposures were obtained with star S2 on the slit of the
spectrometer. After calibration of the spectra, a local background near S2
was subtracted in order to remove emission from diffuse gas in the mini-
spiral around S2 and possible contamination from the wings of the bright
nearby star IRS16C. In the completely calibrated, background subtracted
spectrum of S2, Br ~ (2.1661 um) as well as He I (2.1126 ym) are visible
(Fig. 2.21) in absorption with equivalent widths of 0.28 + 0.03 nm and
0.17 £ 0.04 nm. The inferred stellar rotational velocity of 220 + 30 km/s
is consistent with the value expected for an O8-B0O dwarf. This finding
suggests that the star S2 is indeed a massive 15 My young main-sequence
star with an age of less than 10 Myr. The radial velocity of S2 in June
2002 was measured to be vpgr = —510 + 40 km/s (LSR: Local Standard
of Rest).

Eisenhauer et al. (2003b) obtained spectra of the star S2 in April, May,
and June of 2003 with the adaptive optics assisted, near-infrared camera
NAOS/CONICA and the near-infrared integral field spectrometer SPIFFI
(Tecza et al. 1998; Eisenhauer et al. 2000) at the ESO VLT. For the SPIFFI
observations the spectral resolution was 85 km/s, sampled at 34 km/s,
the accuracy of the wavelength calibration was + 7 km/s, the effective
integration time toward the central part of the mosaic near Sgr A* was
about 15 minutes, and the FWHM spatial resolution at 2 um ranged from
0.25” t0 0.3”.

For the NAOS/CONICA long slit exposures Eisenhauer et al. (2003b)
used the infrared wave-front sensor on IRS 7 and a 86 mas slit, result-
ing in a resolution of 210 km/s sampled at 69 km/s, a spatial pixel scale
of 27 mas, and an accuracy of the wavelength calibration of & 10 km/s.
Here 30 minutes of on-source integration were accumulated. For the 2003
observations the contaminating extended nebular Brv emission from the
Sgr A West mini-spiral was far off the stellar absorption line in star S2
(Fig. 2.22). In April the Brvy absorption line of S2 was at a velocity with
respect to the Local Standard of Rest of v = —1558 + 20 km/s, and
the NAOS/CONICA observations of S2 gave LSR velocities of the Bry ab-
sorption line of —1512 & 35 km/s for May and —1428 + 45 km/s for June
2003.

The radial velocity measurements resolved the ambiguity in the incli-
nation of the S2 orbit. In combination with the proper motions of S2 they
provided a measure of the black hole mass of (3.6 £0.6) x 10° M and, for
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Fig. 2.22 HI Bry absorption spectra of S2 as shown by Eisenhauer et al. (2003b) (for
details see there). The data was obtained on 2003 April 8/9 with the SPIFFI integral-
field spectrometer (upper two panels), on May 8/9 (lower left panel), and on June 11/12
(lower right panel) with NACO at the ESO VLT.

the first time, a direct determination of the distance to the Galactic Center
black hole of Ry = 7.9 £ 0.4 kpc (Fig. 2.22; see Eisenhauer et al. 2003Db).

2.12 Star Formation at the Galactic Center?

The luminosity of the entire central parsec of our Galaxy is dominated by
a cluster of about two dozen massive stars. The 7 most luminous stars
(L > 1057 Lg ) are moderately hot (T < 10*® K) blue supergiants and
provide half of the ionizing luminosity of that region (Blum et al. 1995;
Krabbe et al. 1995; Najarro et al. 1997). Due to their strong 2.06 pm
Helium line emission these objects are often referred to as Hel-stars (or
briefly He-stars) too.

Such massive, young stars are not exclusively found in the central parsec,
but were also discovered in dense stellar clusters in the Galactic Bulge
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within about 30 pc of the center, for instance the Arches cluster (Cotera
et al. 1999b; Figer et al. 2002, and references therein) and the Quintuplet
cluster (e.g. Figer et al. 1999b).

In contrast to the Arches and Quintuplet clusters, however, the high
number of apparently young, massive, and hot He-stars in the central par-
sec, where strong tidal forces, magnetic fields and winds pose a serious
obstacle for star formation processes, can currently not be explained by
normal stellar evolution theories (e.g. Eckart et al. 1999b; Thornley et al.
2000). In fact, the existence and large number of these stars has been used
as an argument against the existence of a supermassive black hole in the
GC (Sanders 1992). Their existence and nature are currently one of the
greatest enigmas in GC research (see also the discussions on this subject
in, e.g. Morris 1993; Morris et al. 1999).

There is additional evidence for the presence of early-type stars in the
central cluster: the general observation is that in spectroscopic observations
there is a drop in the strength of the CO bandhead absorption feature within
the central 5-10 arcsec, which is an indication for a reduced percentage of
late-type stars and an increased presence of early-type stars in this part
of the central cluster. The possible destruction of the envelopes of the
brightest late-type giants and supergiants in the central region is discussed,
e.g. by Lacy et al. (1982), Phinney (1989), Sellgren et al. (1990); Haller
et al. (1996); Genzel et al. (1996), and Alexander (1999). An alternative
view is that the CO feature becomes diluted towards the center because
of the presence of the bright, early-type He-stars (e.g. Sellgren et al. 1990;
Eckart et al. 1995; Krabbe et al. 1995; Genzel et al. 1996; Haller et al. 1996).

In a more recent analysis of the stellar population and evolution in the
environment of the central stellar cluster, using stellar number counts and a
photometric CO index, Genzel et al. (2003b) concluded that the percentage
of stars with a CO absorption feature does indeed decrease toward Sgr A*.
In combination with the spectroscopic evidence that shows that the stars
in the immediate environment of Sgr A*, i.e. in the so-called Sgr A* clus-
ter, might be O/B-type stars, there is hence considerable evidence for the
presence of young stars in the central few arcseconds. Their nature is not
undisputed, however, because they could also be exotic objects that just ap-
pear to be young stars. The issues raised here will be discussed extensively
in chapter 3 (see section 3.2).

1f the potential O/B-type stars and the He-stars are indeed normal stars
and not exotic objects that just appear to be young stars, then they must
have formed < 107 years ago. If star formation is still an ongoing process



130 The Black Hole at the Center of the Milky Way

in the central cluster, then one might expect an even younger population of
stars to be present in that region. These very young stars could then still
be embedded in the cocoon of dense gas and dust they were formed from.

2.12.1 Embedded Objects

In the Galactic Center region there is a population of stars like TRS 21,
IRS 1W, IRS 10W, IRS 3, IRS 5, etc., which are very red, dust embedded
sources with featureless K-band spectra, and which until recently were the
prime candidates for being freshly formed stars. These objects are bright
10 pm sources and are mostly associated with the mini-spiral gas streamers,
particularly the northern arm (e.g. Gezari et al. 1994; Genzel et al. 1996;
Tanner et al. 2003).

The best studied case so far is TRS 21, which is strongly polarized (~
17% at 2 um; see Eckart et al. 1995; Ott et al. 1999). Initially, Gezari
et al. (1985) suggested that IRS 21 was an externally heated, high-density
dust clump, but several other classifications were proposed as well, which
are able to explain the MIR excess and the featureless NIR spectra, too.
Among those theories is an embedded early-type star or a protostar (Krabbe
et al. 1995; Genzel et al. 1996; Clénet et al. 2001), while Tanuner et al.
(2002) suggested more recently that IRS 21 is an optically thick dust shell
surrounding a mass-losing source, like a dusty and only recently formed
WC9 Wolf-Rayet star.

Gezari et al. (1985) found IRS 3 to be the most compact and (together
with IRS 7) hottest MIR source (T~400 K) in the central cluster with to-
tal integrated flux densities of 32 Jy and 33 Jy at 12.8 pym and 8.3 pm,
respectively. With respect to the ISAAC L-band image the photo-center of
the M-band image is shifted by ~80mas to the NW. High resolution L- and
M-band NAOS/CONICA images show to the SW a sharp interaction zone
of the outer part of the dust shell with a wind arising from the direction of
the IRS16 cluster. In the late *70s Rieke et al. (1978); Becklin et al. (1978)
argued that IRS 3 is a dust-enshrouded supergiant with a compact circum-
stellar dust shell. As comparatively young and massive stars are abundant
within the central few arcseconds it is, however, also likely that IRS 3 is
a massive, luminous and dusty Wolf-Rayet star with strong winds that in-
teract with the GC ISM. This is supported by recent imaging spectroscopy
with SPIFFI by Horrobin et al. (2004). This would be consistent with the
recent VLTI detection of a compact object that contains approximately
30% of the flux density seen in the 8-12 um MIDI band pass (Eckart, Pott
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et al., in preparation; see also section 1.6.1).

With the new results from high angular resolution imaging, it has now
become very likely that most of the dust embedded sources are in fact
associated with luminous stars that closely interact with the gas and dust
of the mini-spiral. Cotera et al. (1999b) showed that for several of these
sources one finds an angular offset between their astrometric position and
nearby local maxima in the dust emission and temperature distribution. In
the case of IRS 21 the extended dust emission is consistent with a bow shock
created by the motion of a hot star through the material of the mini-spiral
(Tanner et al. 2002). In fact, the bow shock scenario may be applicable
to most of the luminous dust embedded sources in the central parsec of
the Milky Way. In support of this idea Tanner et al. (2003) presented
observational evidence that all embedded sources in the northern arm are
associated with croissant shaped structures. This picture is consistent with
the idea that they are mass-losing young, massive stars, such as those in
the IRS 16 complex, that plow through the interstellar gas and dust of the
mini-spiral (see Fig. 2.23). Additionally, Rigaut et al. (2003) discovered
that IRS &, located in the northern part of the northern arm, is associated
with a bow shock structure.

Therefore the interpretation of the bright, extended, dust enshrouded
objects in the central parsec as young stellar objects (YSOs) has become
very unlikely.

2.12.2 TIR-Fzxcess Objects

The IRS 13 complex is a small, luminous cluster of stars with a diameter
of about 1 located about 3.5” SSW of Sgr A*, which has recently been
resolved into at least 4 bright infrared components (Paumard et al. 2001;
Maillard et al. 2003; Eckart et ol. 2004b), and which contains one of the
brightest hot stars in the entire central parsec (Najarro ef al. 1997). This
complex is associated with compact radio emission, too, that was mapped
at 7 mm and 13 mm wavelengths by Zhao & Goss (1998). Eckart et al.
(2004b) reported the discovery of a small cluster of infrared excess sources
located about 0.5” North of IRS 13, and one of several possible explanations
for these stars is that they might be young, dusty, embedded stars. This
discovery was only possible with the high resolution adaptive optics images
obtained with NAOS/CONICA at wavelengths between 1.7 and 3.8 ym.
A thorough comparison of the H-, K-, and L-band images, which are
of unprecedented sharpness and sensitivity, reveals a small cluster of pre-
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Fig. 2.23 Bow shock structures in the GC stellar cluster. Due to the interaction of
windy stars with the interstellar medium in the GC, numerous examples of bow shock
sources can be found in the central parsec. This figure shows two exemplary shocks
with the convex part pointing towards the NNE and NE, respectively. Left: IRS 1W at
2.2 pm (NACO/VLT May 2003; deconvolved and restored to 60 mas FWHM); the area,
shown covers 1.6” x 1.6”. Right: bow shock north of IRS 9 (the bright source in the
center) at 3.8 um (NACO/VLT August 2002); the area shown covers 3.2" x 3.2”. See
also color Fig. A.5.

viously unknown weak objects, which are labeled o through # in Fig.2.24.
Eckart et al. (2004b) named this newly found complex of sources IRS 13N
— indicating that it is north of IRS 13.

The sources are 10-15 times less luminous than the dusty source IRS 21.
The overall IRS 13N cluster shows a diameter of < 0.13 light years, and
the individual sources are compact with angular sizes of less than 0.09”
(740 AU). The sources are well embedded in the bulk of the ionized gas,
which is evident in radio images of the mini-cavity and the bar region,
as presented by Yusef-Zadeh et al. (1998b) (at A = 2 c¢m) and Zhao &
Goss (1998) (at A = 13 mm). Stellar proper motions (Genzel et al. 2003b;
Maillard et al. 2003) also provide evidence that the entire IRS 13 / IRS 13N
complex is moving together with the gas of the mini-spiral, and indicate an
orbital time scale of the order of ~ 10* years for the combined motion of
the entire complex and the mini-spiral gas.

Fig. 2.25 shows a map of the IRS 13 complex in a 1.5” x 1" section
including the sources in TRS 13N. The entire region is very crowded and
the source number densities are of the order of 40 to 80 objects per square
arcsecond. With the exception of the sources x and 7 the objects of IRS 13N
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Fig. 2.24 H, K,, and L’ band images of the IRS 13/IRS 2 region as shown by Eckart
et al. (2004b). The image scales of panels (a)-(d) are given in (d). Panel (d) is a high
pass filtered L-image which shows the locations of individual stars, including the newly
discovered L-band excess sources « through 1. Source « in panel (b) is located between ¢
and 4. Panel (e) is an overview of the region; the box indicates the area shown in panels
(a)-(d); slit locations for the spectra shown in Eckart et al. (2004a) are also indicated.
See also color Fig. A.6.

are all very red (Fig. 2.26) with regard to other sources in the field (see K-
L colors given by Clénet et al. 2001; Eckart et al. 2004b). The objects ~
and € are even so red that they could not be identified in the H-band and
only lower limits for their H-K colors could be determined so far. The flux
density determination of other objects suffers from the high density of stars
in that cluster, for instance for source a, the flux density may be affected by
a possible overlap with the nearby and bright E1 component of the IRS 13
complex. The blue source x cannot be identified in the L-band image, since
it probably blends with the brighter I.-band source ¢, what allows to derive
only an upper limit for the K-L color of .

A simple, but nevertheless very effective way of comparing source prop-
erties and analyzing their continuum spectra is to plot their brightness
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Fig. 2.25 A detailed view of the IRS 13 and IRS 13N complexes with NAOS/CONICA
as shown by Eckart et al. (2004b). They are shown in the L-band, top images (a) and
(b), K-band, center images (c) and (d), H-band, bottom images (e) and (f). The images
(b), (d), and (f) are raw shift-and-add images of individual adaptive optics exposures.
The images (a), (c), and (e) are deconvolved images restored at the nominal angular
resolution of the AO system. The ring-like structures around bright sources are artifacts
of the deconvolution process. For clarity in the crowded field we show contours overlaid
with a color (grey-scale) version of the same image. The positions as well as magnitudes
and colors of individual sources are given in Tab. 2 in Eckart et al. (2004a). See also
color Fig. A.7.

differences between the various wavelengths in a two-color diagram, which
allows one to determine the extinction, possible contribution of hot dust,
and (in some cases) to get first information on the spectral type of the stars
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Fig. 2.26 HKL two-color diagram comparing the location of YSOs and Herbig Ae/Be
stars to objects in the GC cluster as shown by Eckart et al. (2004b). Group I and
group IT Herbig Ae/Be stars are indicated. Dashed lines show the colors of a single
blackbody at different temperatures. A solid line in the lower left corner of the diagram
represents the colors of main-sequence stars (Koornneef 1983). Extinction vectors for
visual extinctions of Ay =10 as well as Ay =30 are shown. The latter shift the location
of the L-band excess sources to the location of YSOs or the intermediate population “N”
and “E” sources introduced by Ishii et al. (1998). See also color Fig. A.8

(e.g. Glass 1999). In Fig. 2.26 we present an HKL two-color diagram show-
ing the locations of YSOs and Herbig Ae/Be stars, as well as selected objects
in the Galactic Center stellar cluster (see Eckart et al. 2004b). Sources like
IRS 16NE, NW, C and CC are hot and dust free. They are well clustered
in the two color diagram and, after taking into account the =30 magnitudes
of visual extinction towards the Galactic Center, fall close to the location of
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hot and massive stars near the main sequence. This extinction correction
delivers consistent results within the central few arcseconds ~ irrespective
of the detailed position. Combined with the information that on scales
of about 1” the extinction variations are small and smooth over that area
(Scoville et al. 2003), this indicates that this correction can probably be
applied to all sources within the central 10” to 20”. Any residual extinc-
tion of individual sources may then be regarded as a source intrinsic effect
and be attributed to individual sources (Moultaka et al. 2004).

The colors of the IRS 13N sources « through s appear significantly
redder with respect to the blue He-stars, and their broad band spectra
are influenced by the combination of strong extinction and the emission of
T > 500 K dust. The overall IRS 13N spectrum presented by Eckart et al.
(2004b) is redder than that of the IRS 13 complex, and suggests that the
strong L-band color excess is most likely due to continuum emission of warm
T > 500 K dust. The IRS 13N sources may be low-luminosity counterparts
of bow-shock stars such as IRS 21 (as discussed in section 2.12.1) or — a
very intriguing possibility — dust-enshrouded young stellar objects (Eckart
et al. 2004b).

2.13 Sgr A* Across the Electromagnetic Spectrum

In addition to the total mass and mass density of the compact object associ-
ated with Sgr A*, the characteristics of the electromagnetic radiation from
that source give us direct information on the physical properties of the im-
mediate surroundings (a few Schwarzschild radii) of the massive black hole
at the center of the Milky Way. In the following we summarize some of the
observational essentials that are known up to date on the electromagnetic
spectrum we receive from that region. Here again high angular resolution
is required at almost all frequencies to clearly distinguish between the con-
tribution of the highly variable emission from Sgr A* and the surrounding
stars and interstellar medium. The astrophysical implications of these facts
will be summarized in chapter 3.

2.13.1 Size and Spectrum of Sgr A* at Radio Wavelengths

In Figures 2.27 and 2.28 we show the results of current measurements of
the flux density and angular size of Sgr A* in the radio domain. Sgr A*
was first identified as an unresolved point source by Balick & Brown (1974)
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with interferometric observations at 3 and 8 GHz. Early low frequency radio
observations of Sgr A* at 408, 960, and 1660 MHz by Davies et al. (1976)
delivered a non-detection of the source at 408 MHz, and the authors inferred
a low-frequency cutoff in the spectrum of Sgr A*, which was considered
to be due to free-free absorption in the Sgr A West HII region. Recent
610 MHz measurements by Roy & Pramesh Rao (2004) combined with a
detection of Sgr A* at 330 MHz (Nord et al. 2004), however, indicate that
there is little or no free-free absorption towards Sgr A*.

Davies et al. (1976) derived a value of 1.4” for the angular size of the
source at 1 GHz , much larger than the upper limit of 0.1” given by Balick
& Brown (1974) at 3 GHz. For comparison, the size of Sgr A* at 330 MHz
is between 11”7 and 16” with an indication for an ellipticity of ~ 0.7 along
a position angle of 35° (Nord et al. 2004). This decrease in diameter with
decreasing observing wavelength can be explained well through the effect of
interstellar scattering, a result which was confirmed by Backer (1978). The
authors pointed out that all interferometric measurements of Sgr A* are
affected by this scattering, which follows a A\? law and apparently occurs
in the vicinity of the Galactic Center via scattering processes operating on
kilometer scale lengths.

VLBI observations of Jauncey et al. (1989) showed that the radio image
of the non-thermal source Sgr A* is elongated at 8.4 GHz along a position
angle of 82 + 6° with an axial ratio of 0.53 &+ 0.10 and a major axis of
17.4 £ 0.5 mas. They confirmed with a wide-band comparison of the an-
gular sizes measured at frequencies from 1 to 22 GHz that the data follows
very closely the A2 dependence expected from interstellar scattering. How-
ever, no similar counterpart to this smaller-scale elongation of the nuclear
region was found on arcsecond scales with the VLA, nor are the position
angles of Sgr A* aligned with the axis of galactic rotation. Jauncey et al.
(1989) concluded that the elongated nature of the Sgr A* source struc-
ture implies either that the scattering medium is anisotropic, or that some
remnant of the intrinsic structure remained visible through the scattering
medium.

Marcaide et al. (1992) established an upper limit of about 8 mJy at a
wavelength of 3.6 cm for any ultra-compact component and determined that
the actual size of the source must be less than 15 AU. The first high dynamic
range map of the source at 3.6 cm was obtained by Lo et al. (1993) based
on VLBA measurements and confirmed the result, that at short cm radio
wavelengths the (scatter-broadened) source structure of Sgr A* is smooth
without detectable fine structure and is well described by an almost perfect
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Fig. 2.27 The radio to sub-mm spectrum of Sgr A* ranging from 0.33 to 235 GHz as
shown by Nord et al. (2004). Bars signify variability limits. The 610 MHz value is from
Roy & Pramesh Rao (2003). The 1980-2000 time averaged 1.4 to 23 GHz data are from
Zhao et al. (2001). The 43-235 GHz data are from Falcke et al. (1998) and cover the
years 1987-1994. The solid line indicates a spectrum with a spectral index of 0.3.

elliptical Gaussian model (Fig. 2.29).

In the following years the imaging and determination of the source struc-
ture of Sgr A* proceeded towards the millimeter domain: Alberdi et al.
(1993) published a 1.35 cm VLBI map, Krichbaum et al. (1993) reported
first VLBI detections and source size measurements at 7 mm (43 GHz),
3 mm (86 GHz) maps were obtained by Rogers et al. (1994), Krichbaum
et al. (1998) and Doeleman et al. (2001), and even measurements at 1 mm
(215 GHz) were performed by Krichbaum et al. (1998) (for the radio spec-
trum of Sgr A* see Fig. 2.27).

The 86 GHz VLBI data of Doeleman et al. (2001) could be modeled best
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Fig. 2.28 Size measurements of Sgr A* from VLBI at multiple wavelengths as shown
by Doeleman et al. (2001). Squares are minor-axis sizes and circles are major-axis sizes
of best-fit elliptical models at wavelengths less than 3.5 mm from Lo et al. (1998). The
green and red solid lines are A2 scattering relations given by Lo et al. (1998). Black
triangles show the sizes of circular Gaussian models fit to the 3.5 mm data of Doeleman
et al. (2001) and to 1.4 mm VLBI data (Krichbaum et al. 1998)). Hybrid ADAF model
sizes from Ozel et al. (2000) are added in quadrature to both the minor- and major-
axis scattering sizes and are shown as the green, dash-dotted and red, fully dotted lines,
respectively. The observed sizes predicted by the ADAF model exceed the 3.5 mm upper
limit. The best constraints on the size of Sgr A* were recently presented by Bower et al.
(2004), who were able, for the first time, to resolve Sgr A* unambiguously (see Fig. 3 in
their paper). See also color Fig. A.9.

by a circular Gaussian brightness distribution of FWHM 0.18 + 0.02 mas
corresponding to a scattered point source. The angular resolution of the
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Fig. 2.29 Interferometric image of Sgr A* at a wavelength of 3.6 cm as shown by Lo
et al. (1993). The beam size is 12.4 masx6.6 mas. The contour levels are -2, 2, 4, 8, 16,
32, 64, 96, and 128 mJy/beam.

VLBI array is sufficient to constrain the intrinsic extension of the source at
an position angle of —10° to be less than 0.25 mas. These results compare
well with an extrapolation of intrinsic structure estimates obtained at a
wavelength of 7 mm , under the assumption that the intrinsic size of Sgr A*
has a greater wavelength dependence than A%9.

In March 1995 Krichbaum et al. (1998) detected Sgr A* with the VLBI
at 86 GHz and at 215 GHz. At 86 GHz the measured closure phase is al-
most zero, which is consistent with a point-like or symmetric structure
of 190 + 30 pas in size. The 215 GHz data showed Sgr A* with a
signal-to-noise ratio of 6, allowing to derive a tentative size estimate of
0.11 £+ 0.60 mas, which corresponds to about 1 AU at a distance of 8 kpc
and lies well above the scattering size of 0.20 mas at this frequency. Based
on these values the derived brightness temperature of the emitting region
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is in excess of 101° K, and the intrinsic size of Sgr A* appears to be of the
order of 10 to 20 Schwarzschild radii of a 3 to 4x10® Mg black hole.

In the most recent measurement of the size of Sgr A* Bower et al. (2004)
were successful in determining its intrinsic size by combining 7 mm VLBI
observations with the closure amplitude technique. They reported a size of
24 + 2 Schwarzschild radii (assuming a mass of 4 x 10° Mg for Sgr A*)
and a ~ 60% increase of the intrinsic size in one of their observing epochs.

To first order the radio spectrum of Sgr A* from centimeter to millime-
ter wavelengths is described by a power law, S~v*, with a = 0.2 — 0.35.
With decreasing wavelength this radio emission corresponds to progres-
sively smaller spatial sizes (Melia et al. 1992; Melia 1992, 1994; Narayan
et al. 1995; Falcke et al. 1998; Coker & Melia 2000; Liu & Melia 2001). The
spectrum turns over in the sub-millimeter range. With an overall spectral
index of about -1.3 the spectrum then passes through the near-infrared to
the X-ray domain. The information on the local spectral indices in these
wavelength regimes is currently uncertain. At shorter radio wavelengths —
in the millimeter region, the spectrum shows a “bump” (Zylka et al. 1992,
1995). The presence of the spectral bump suggests that a distinct emission
component surrounds the central black hole’s event horizon. This broad
band feature has been confirmed by simultaneous observations of the radio
spectrum from the short decimeter (20 cm) to the millimeter (1 mm) region
(Falcke et al. 1998).

Sgr A* also shows variability at radio frequencies. The cm/mm-band
emission varies with an rms amplitude of ~1-20%, with occasional enhance-
ments of a factor of ~2 occurring about 3 times per year (Falcke et al. 1998;
Zhao et al. 2001). Zhao et al. (2001) report a 106-day quasi-periodicity at
short centimeter wavelengths on the basis of an analysis of 20 years of VLA
data. Overall the millimeter/sub-millimeter radiation of Sgr A* was found
to be variable on time scales of several days to a few hundred days (e.g.
Miyazaki et al. 2003; Zhao et al. 2003} but not on shorter time scales, with
the exception of a single one hour, 30% amplitude spike seen in March 2000
at a wavelength of 2 mm (Miyazaki et al. 2003).

2.13.2 Polarization of Sgr A* at Radio Wavelengths

The observations show a complex picture of the polarization properties of
Ser A*. Between 1.4 and 112 GHz the emission shows no linear polarization,
with upper limits of 0.1%-2% (Bower et al. 1999c,a, 2001). At frequencies
of 150, 220, 375 and 400 GHz (2000, 1350, 850 and 750 um) Aitken et al.
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(2000) reported the first detection of about 10% of linear polarization from
Sgr A* with the James Clerk Maxwell Telescope (JCMT) 14 m single dish
antenna. However, these observations suffered from the poor angular res-
olution of the JCMT (22" at 220 GHz). From the lack of polarization at
longer wavelengths, the authors concluded that the polarized flux density
arises in a compact millimeter/sub-millimeter excess of Sgr A*.
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Fig. 2.30 Spectrum of circularly polarized (CP) flux density of Sgr A* from VLA and
JCMT measurements as presented by Bower et al. (2002).

Subsequently, using the BIMA array with an angular resolution of
3.6” x0.9” Bower et al. (2003) measured the linear polarization of Sgr A* to
be 7.2%40.6% at 230 GHz and demonstrated that the polarized flux den-
sity is in fact associated with the compact synchrotron radio source and not
with a more extended distribution of dust in that area. Combined with the
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JCMT polarization measurements the authors derived a rotation measure
of RM = —4.34+0.1 x 105 rad m—2. The rotation measure (RM) describes
the change in position angle as a function of the observing frequency and is
directly related to the electron density along the line of sight. The RM may
entirely be caused by an external Faraday screen which is not associated
with Sgr A*. However, if it is associated with it, the RM rules out accre-
tion rates greater than ~ 1077 Mg yr— 1. This is inconsistent with the high
accretion rates being necessary in standard advection-dominated accretion
flow and Bondi-Hoyle models for Sgr A* (see discussion in section 3.8.3 of
this book). This supports the idea that a low accretion rate is an essential
fact that may explain the overall faintness of Sgr A*.

Between 1.4 and 43 GHz up to 1% of the emission is circularly polarized,
and the spectrum is variable and inverted (i.e. higher flux densities at high
frequencies, see Fig. 2.30) with spectral indices of @ ~ 0.5 up to @ ~ 1.5
during emission flares (Bower et al. 1999b; Sault & Macquart 1999; Bower
et al. 2002). Models that explain the presence of circular polarization and
the absence of linear polarization involve the conversion of linear to circular
polarization and a depolarization of the linearly polarized flux across the
used bandwidths due to cold electrons (Beckert & Falcke 2002; Ruszkowski
& Begelman 2002).

2.13.3 Sgr A* as a Variable X-Ray Source

The Galactic Center and Sgr A* have been major targets of all high energy
satellites, although this area of the sky is crowded with compact compo-
nents. Only recently the improved sensitivity and angular resolution of
the launched instruments made it possible to identify an X-ray counter-
part of Sgr A* and measure persistent X-ray emission from it. In autumn
1999 Chandra observations of the Galactic Center revealed a weak com-
pact source at the position of Sgr A* with an extended X-ray luminosity of
Lo_10kev ~ 2 % 10% erg s™! and 0.6 arcsec radius (Baganoff et al. 2003).

About one year later Chandra detected for the first time a strong emis-
sion flare of Sgr A*, an event which lasted for 2.8 hours and showed an
increase in luminosity by a factor of about 50 above the quiescent level,
with a peak value of 10%% erg s™1 (Baganoff et al. 2001). In its flaring state
Sgr A* appeared to be a point source (Baganoff et al. 2001, 2003), and the
light curve showed significant variations, including a sudden drop in flux
density over a time span of only 10 minutes.

This variation allows constraining the size of the emitting region to less
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Fig. 2.31 X-ray flares from Sgr A* as shown in Aschenbach et al. (2004) (see also
Baganoff et al. 2001; Porquet et al. 2003): ACIS-I light curve of the Chandra observation
of October 26, 2000 (upper panel) and EPIC light curve of the XMM-Newton observation
of October 3, 2002 (lower panel).

than about 20 Schwarzschild radii (see e.g. Baganoff et al. 2001; Porquet
et al. 2003) and therefore to the immediate vicinity of the central super-
massive black hole. Furthermore, Baganoff et al. (2001) showed that the
flare spectrum is harder in comparison to the quiescent state, with a slope
of the power law photon index of about 2.7 to 1.3 during the flare event.
In 2001 XMM-Newton detected the onset of a similar flare at the end
of an observation of the Galactic Center (Goldwurm et al. 2003). In this
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case the flux density of Sgr A* increased by at least a factor of 30 over the
quiescent flux density with an estimated peak luminosity of Lo _jggeyv ~
6 x 10%* erg s—!. Similar to the Chandra measurements the spectrum
hardened during the flare event with a photon index of ~ 1.

A monitoring program of Sgr A* with Chandra in 2002 resulted in a
first estimate of the rate of strong flares (with an increase in flux density
by more than a factor of 10 above the quiescent state) of 1.2 + 0.6 per
day (Baganoff et al. 2003) with indications for even more numerous weaker
flares. This shows that the X-ray counterpart of Sgr A* is in fact a highly
variable source with powerful emission flare events occurring almost every
day.

In October 2002, XMM-Newton recorded the so far most powerful X-ray
flare from Sgr A*. This flare lasted only for about 45 minutes but reached
an estimated peak luminosity of La_jorey ~ 3.6 x 1033 erg 571, an increase
in flux density by a factor of 160 above the quiescent level (Porquet et al.
2003). The overall symmetric light curve of this flare showed significant
micro-structure on timescales of only a few 100 seconds, and in comparison
to previous flares the spectrum appeared to be significantly softer with a
photon index of 2.5 + 0.3.

2.13.4 Sgr A* as a Variable NIR Source

One of the primary objectives of the high angular NIR observation pro-
grams was the identification of an infrared counterpart of Sgr A*. In 1997
indications for a variable near-infrared source at the position of Sgr A*
were reported by Genzel et al. (1997). However, due to its faintness and
the extreme crowding of stellar sources in the central arcsecond of the stel-
lar cluster, this possible detection could never be confirmed by further NIR
speckle observations at the NTT and Keck telescopes (e.g. Ghez et al. 1998;
Hornstein et al. 2002; Schodel et al. 2003).

The observation of a possible NIR counterpart at the position of Sgr A*
was particularly difficult after about 1999, because stars such as S2 and S14
approached Sgr A* to projected distances of less than 50 to 100 mas (the
diffraction limited beam FWHM of the NTT in K-band is 130 mas). Schédel
et al. (2003) examined ten years of SHARP/NTT data and constrained the
peak magnitude of possible variability of Sgr A* on time scales of hours or
shorter to less than K = 13.5™.

With the introduction of adaptive optics on both the VLT and the Keck

telescopes the situation improved considerably. In 2003 a variable source
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at the location of Sgr A* was discovered — first at wavelengths of 2.2 and
1.7 pm (Genzel et al. 2003a), and then at 3.8 um (Genzel et al. 2003a,;
Ghez et al. 2004). While up to that point NIR observations of the Galactic
Center were mainly dedicated to confirm the black hole nature of Sgr A*
via stellar dynamics, the properties of the supermassive black hole and its
emission and accretion mechanisms can now be studied directly at NIR
wavelengths, too.
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Fig. 2.32 First NIR flare from Sgr A* detected with NACO/VLT in the H-band (1.7 sm)
on May 9, 2003. The images of 60 s exposure time each show a region of about 1.3” x 1.3”
centered on Sgr A* and resulted from a Lucy-Richardson deconvolution with subsequent
beam restoration (40 mas FWHM). The left image was taken at the beginning of the
observations and Sgr A* is only visible as a faint point source. The right image was
taken near the peak of the flare, about 38 min later, when Sgr A* had brightened by
about 2 magnitudes. For more details see Genzel et al. (2003a).

During VLT H-band (1.7 pm) observations of the Galactic Center with
NACO on May 9th 2003 (Genzel et al. 2003a) a variable, flaring source was
detected at the position of Sgr A* (Fig. 2.32). The position of the flare
was offset only by —1.4 4+ 3.0 mas in right ascension and —0.2 + 3.0 mas in
declination from the position of Sgr A* as had been determined from the
orbit of the star S2 (Schddel et al. 2003; Eisenhauer et al. 2003b). The flare
in flux density lasted for about 30 minutes with a 5 minute exponential rise
and decay time. Since the light crossing time of a 3.6 million solar mass
black hole is 35 seconds, this rapid variability corresponds to a spatial scale
of less than 10 Schwarzschild radii for such an object.

Following this discovery further observations with NACO/VLT in June
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K-band flare, June 16" 2003
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Fig. 2.33 K-band light curve of the NIR flare observed with NACO/VLT on June 16,
2003 (see also Genzel et al. 2003a). The highly varying lower curve is the light curve of
Sgr A*, while the upper, quasi-constant light curve shows the flux from the comparison
source S1, located about 0.2” south from Sgr A*. The fluxes of the sources were measured
by PSF fitting with StarFinder (Diolaiti et al. 2000) and were calibrated relative to the
known magnitudes of four sources located within 0.5” of Sgr A*. The mean position and
standard deviation of the flaring source resulting from 179 measurements is 5.14+4.0 mas
west and 0.6 £ 5.1 mas north of the nominal position of Sgr A* as inferred from the orbit
of S2 (Eisenhauer et al. 2003b). Because of confusion with faint stellar sources in the
cusp around Sgr A*, its NIR counterpart may easily appear somewhat offset from the
nominal position of the black hole.

2003 and an examination of earlier VLT data with respect to variability
of Sgr A* resulted in the detection of a quiescent source and several flares
at the position of Sgr A* at wavelengths of 3.8, 2.2 and 1.7 pm (Genzel
et al. 2003a). The flares typically last for half an hour to one hour and
are a few times stronger than the detected quasi-quiescent NIR. emission of
Sgr A*. The best covered flare with the highest quality data from Genzel
et al. (2003a) is shown in Fig. 2.33. In that figure the arrows in the plot
of the K-band flare indicate substructure peaks of the flare. As Genzel
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et al. (2003a) reported, two K-band flares that were observed more than 24
hours apart, and must thus have been unrelated events, showed very similar
quasi-periodicity. Both of them showed a significant peak at a frequency
corresponding to a time scale of 16.8 & 2.0 min. A detailed discussion and
interpretation of that phenomenon in given in chapter 3.8.

Table 2.4 List of Sgr A* flares observed by Genzel et al. (2003a).
The offsets in right ascension and declination refer to the astro-
metric position of Sgr A* as it was inferred from the focus of
the orbit of the star S2. The duration of the flares refers to the
full width at zero flare flux density, the variability factor is the
ratio between the excess emission and the “quiescent” emission.

Band Date ARA ADec Duration  Variability
[UT] [mas] [mas] [min]

U 2002.66  0(30) 0(30) > 15 0.7

H 2003.353  -1.4(3.0)  -0.2(3.0) 30 47

Kgs 2002.455 -2.5(4) 3.4(4) 80 3.1

Kg 2002.457 -6.4(4) 2.5(4) 85 3.2

The NIR flares that were so far observed with NACO/VLT can be char-
acterized by the following constraints:

e Brightness: peak brightness in K-band of K ~ 15.0™, comparable to
the brightness of the star S1 near Sgr A*.

e Duration: duration of <85 min.

e Time scales: short rise and fall time scales of the order 5 min and
intrinsic variability during the flares on a similar time scale.

¢ Position: position within a few milli-arcseconds of the dynamical po-
sition of the dark mass as inferred from the orbit of S2 (see Tab. 2.4).
The position of the quiescent source has a larger uncertainty of the
order of 10 mas (mainly because of its faintness and confusion with
other stellar sources in the dense cusp), but is still consistent with the
dynamical position of the black hole.

¢ Intrinsic quasi-periodicity of the flares: the first two K-band
flares, which were completely covered by observations, display a char-
acteristic quasi-periodic substructure, with a period of 16.8 4= 2.0 min.
Still under investigation are the indications of quasi-periodicity of the
quiescent state of Sgr A*.

Tt is highly improbable that the observed variability was due to stellar
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sources because of the extremely short time scales of the flares and because
of the astrometric position of the flares, which was within less than 10 mas
from Sgr A* at all times: a star close to Sgr A* would have moved by
~ 20 — 50 mas during the time interval covered by the four flares reported
by Genzel et al. (2003a). A star at greater distances from Sgr A* would
have an extremely low probability of being located so close in projection to
Sgr A*,

Based on the measurements of 2003 the estimated flaring rate is very
high: 4 flares were found within a total of 25 hours of observations, which
results in about 2 to 6 flares per day when assuming Poisson statistics. This
high frequency and the complex temporal substructure of the light curves
rule out the possibility that the flares were related to micro-lensing of cusp
stars by the black hole (Alexander 1999).

flux density [mJy]

Fig. 2.34 Simulation of the Sgr A* flare activity assuming a power spectrum relation
between flare amplitude and the number of flares.

It seems that a possible way to describe the NIR flare activity of Sgr A*
is a description via a powerlaw. A first and simple attempt would be to
assume that the emission consists of successive flares with a characteristic
duration but of varying intensity. In Fig. 2.34 we show a simulation of a
seven day period during which the flare amplitudes A follow an expression

In(A) = ¢ In(N) + C . (2.6)

Here N is the number of flares with a given amplitude, £ the power
spectral index, and C a constant. For a suitable value of £ and a lower
and upper amplitude limit (1.5 and 25 mJy and £&=—1.0 in the case of Fig.
2.34) it is possible to statistically describe some of the observed NIR flare
characteristics. From the currently observed NIR flares these characteristics
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are a mean flare duration of about 9020 min, a flare rate of 442 day ™!,
a flare flux of 1045 mJy and a quasi continuous flux density between flares
of 241 mJy. In the framework of such a powerlaw description the quasi
continuous flux density between flares would correspond to the median flux
density of low amplitude flare events.

As for the relation between the NIR flares and variability at other wave-
lengths, the durations, rise and decay times, and spectral luminosities of
X-ray flares are similar (see e.g. Baganoff et al. 2001; Porquet et al. 2003).
The NIR flare rate, however, was almost twice as high as the X-ray flare rate
during the Chandra monitoring in 2002 (1.2 & 0.4 flares per day; Baganoff
et al. 2003). At the moment, it is not clear whether this points to a physi-
cally different nature of the two kinds of flares or whether this was related
to an overall change of the variability of Sgr A* at different epochs. Con-
sequently further simultaneous observations are needed to determine the
relation between the X-ray and NIR flares.

The variability in the millimeter and sub-millimeter domain — which is
likely to be physically linked to the NIR/X-ray activity — is summarized in
section 2.13.1.

2.13.5 How Likely are Strong NIR Flares?

The most recent AO data from the VLT and the Keck telescope taken
in 2004 show that the NIR flare emission found in 2003 is likely to be a
persistent phenomenon. Yet NIR flares stronger than the emission from the
nearby high velocity stars S1 and S2 have not been detected so far.

Hornstein et al. (2002) used the 1995-2001 Keck speckle and adaptive
optics data to produce a NIR imaging data set with 3 hours bin length.
However, no evidence of a significant excess emission associated with Sgr A*
was detected. They found lowest detection limits to the de-reddened emis-
sion of Sgr A* at 2.2 um of about 2.0 mJy. This is close to the quasi-
quiescent flux density level of the NIR counterpart of Sgr A* that was
found by Genzel et al. (2003a). Nevertheless, neither a flare event nor qui-
escent emission was positively detected, although Hornstein et al. (2002)
find that statistically (at a ~ 20 level) a flare must have occurred during
the total 1995-2002 high angular resolution near-infrared Keck time and
derive a probability of 9% for an expected random 3 hour near-infrared
flare in excess of 19 mJy (de-reddened).

In May 2002 a simultaneous flux density monitoring program towards
Sgr A* was conducted using the Chandra X-ray satellite and the ISAAC
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instrument of the VLT (Eckart et al. 2003b). This campaign lasted for a
few days and resulted in an infrared coverage of a flare on May 29th 2002,
although the angular resolution of the ISAAC data was only seeing limited.
The de-reddened upper flux density limit that could be attributed to a
variable source was of the order of 20-100 mJy.

The main objective of that monitoring experiment was the search for
strong ~ 10 ksec flares in the X-ray and IR. Following Hornstein et al.
(2002) the probability P, ., of the successful observation of such a flare, i.e.
n detections in m trials, is given by the binomial distribution:

!

Prim = e (=P (2.7)
with p representing the probability of detection in 1 trial (duty cycle) and
m being the ratio between observing time and the average flare duration of
about 10 ks.

A representative part of the simultaneous ISAAC/Chandra observations
resulted in n=3 detected flares over an m=15 period at X-rays, while the
IR observations resulted in n=0 flares over a m=>50 period. The X-ray
observation time was taken from a representative section of the overall X-
ray observations for an average X-ray flare rate of one event per day, and
other time windows (with additional X-ray flares) would provide similar
results. For the ISAAC observations, during which no flare was detected,
the observation time was calculated by assuming that the various batches of
observations provided a complete coverage of their respective time windows
(about 1-4 hours). This is a reasonable assumption since the pauses between
the observations within a batch are of the order of minutes and thus short
relative to the X-ray flare duration. The total NIR observation time with
ISAAC therefore was assumed to be approximately 13 hours.

The X-ray and MIR probability distributions in Fig. 2.35 show a very
small overlap. Therefore, if we assume that the X-ray and MIR flares are
coupled, we can calculate a common probability for a random simultane-
ously detected MIR flare in excess of the maximum observed flux of 20 to
100 mJy. That probability has a maximum value of only 0.5%(!). Both the
Keck and the ISAAC/Chandra observations had in common that no flare-
like emission from Sgr A* on the > 20 — 100 mJy level was detected on a
timescale of ~ 10 ksec in the IR, although the above discussion shows that
the time coverage of the observations was in fact suitable to detect such a
variability. However, much shorter flares (~20 min) of the same strength
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Fig. 2.35 Probability of detecting a ~10ks flare in the recent ISAAC observations and
the Chandra experiment for the corresponding duty cycles (Eckart et al. 2003a). The
low combined probability suggests that if the flaring activities at near-infrared and X-ray
wavelengths are coupled, a flare occurred during the near-infrared experiment and must
have been lower than the ISAAC detection limit.

could not be excluded and would remain consistent with the current data.

2.13.6 First Simultaneous X-Ray/NIR Detection of Sgr A*

Simultaneous multi-wavelength observations are essential for the under-
standing of the quiescent and flaring state accretion and emission mecha-
nisms of Sgr A*. Eckart et al. (2004a) reported on the first simultaneous
near-infrared /X-ray detection of Sgr A* (Fig. 2.36) based on their observa-
tions in June 2003 with the NACO/VLT adaptive optics instrument and the
ACIS-I instrument aboard the Chandra X-ray observatory. A fading flare
of Sgr A* with more than 2 times the interim-quiescent flux was detected at
the beginning of the NIR, observations, and the same flare was also seen in
the X-domain with an excess 2 — 10 keV luminosity of about 6 x 1033 erg/s.
The authors found that the flaring state could conveniently be explained
by a synchrotron self-Compton model involving up-scattered sub-millimeter
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Fig. 2.36 Overlapping parts of the Chandra X-ray and VLT K-band light curves of the
first simultaneously detected flare from Sgr A* (Eckart et al. 2004a). The X-ray and NIR
light curves are plotted with a common time axis. Straight solid lines in the inserted
box represent the 0.00, 0.01, and 0.02 counts per second levels. The straight dashed line
represents the X-ray IQ-state flux density level. The NIR observations started on 20
June 2003 at 23:51:15 (UT). The NIR data started 0.38 minutes before the midpoint of
the highest X-ray data point.

photons from a compact source component allowing for modest bulk rela-
tivistic motion. The overall spectral indices oy g/ x —ray (Sy x v~ %) of the
quiescent and flaring states were quite comparable with a value of ~ 1.3.
Since the quiescent X-ray emission is extended, the spectral index for the
interim-quiescent state is probably only a lower limit for the compact source
Sgr A*. The authors estimated a conservative upper limit of the time lag
between the end of the NIR and X-ray flare of the order 15 minutes. The
observations strongly support the assumption that X-ray and NIR flares are
closely related processes. Also, the orders of magnitude higher resolution
in the NIR clearly shows that the X-ray flares are associated with Sgr A*
and no other object within the ~ 1” beam of the Chandra telescope.
Eckart et al. (2004a) also report on quasi-simultaneous observations at
a wavelength of 3.4 mm using the Berkeley-Illinois-Maryland Association
(BIMA) array. Compared to 8-9 hours before the NIR/X-ray flare they
detected a marginally significant increase in the millimeter flux density of
Sgr A* during measurements about 7-9 hours afterwards. The increase
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in the flux density of Sgr A* was 11 & 3 % compared to the flux density
change of the calibration source NRAO 530 by less than —0.3 £0.4%. The
slightly higher mm-flux density after the flare may be related to the flare
activity observed in the X-ray and NIR domains. There seems to be some
evidence for a correlation between flare activity in the mm/sub-mm and
the X-ray domain in three cases now (see Eckart et al. 2004). Future
observations will reveal whether and how the individual mm-flare events or
a general flare activity are related to events in the NIR or X-ray regime.
Simultaneous monitoring programs from the radio to the X-ray regime will
allow us to investigate the physical processes that are associated with the
variable emission from Sgr A* at the position of the massive black hole at
the center of the Milky Way.



Chapter 3

Astrophysical Results

The large amount of high quality data on the GC across the electromag-
netic spectrum that has been accumulated in the past decades has lead
to a detailed picture of the object associated with Sagittarius A* and the
stellar cluster at the center of the Milky Way in which it is embedded. The
proper motion data on the stars in the GC, in combination with spectro-
scopically measured radial velocities, have provided a clear picture of the
velocity field at the very center of our Galaxy. This data now allows to
derive the amount and the compactness of the mass located at the center.
A close investigation of the stability of massive and compact clusters of as-
trophysical bodies leads to the conclusion that such configurations cannot
be stable at mass densities as observed in the central parsec and that the
dark mass at the center of the Galaxy thus must be present in the form
of a massive black hole. The most convincing support for the existence of
a supermassive black hole at the center of the Milky Way comes from the
orbital motions of several individual stars in its immediate vicinity. Nev-
ertheless, despite the strong dynamical evidence for the black hole nature
of Sgr A*, the observed luminosity of this object is too small by about 5
orders of magnitude with respect to Low Luminosity Active Galactic Nuclei
(LLGN) and by 8-9 orders of magnitude with respect to Active Galactic
Nuclei (AGN). The standard models of accreting black holes were mainly
developed from observations of quasars and AGN. However, the theory for
weakly accreting black holes, such as Sgr A* is rapidly evolving, relying
heavily on simultaneous multi-wavelength observations of the Milky Way
black hole. In the radio, near-infrared and X-ray domain Sgr A* can be as-
sociated with a source that shows quasi-quiescent emission as well as strong
flare activity.

155
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3.1 The Stellar Velocity Field

The diffraction limited NIR maps and spectra of the Galactic Center region
obtained over the past decade have lead to a detailed understanding of the
stellar dynamics in the Galactic Center. The data resulted in sky and line-
of-sight velocities for several 100 stars within the central few arcseconds
of the position of the black hole candidate Sgr A* (Eckart & Genzel 1996,
1997; Ghez et al. 1998; Genzel et al. 2000; Ott et al. 2003; Schidel et al.
2003).

The overall stellar motions of the stars do not deviate strongly from
isotropy. For the bulk of these stars neither circular motion around the
center nor radial motion is preferred. Exceptions to this general finding are
one, or even two rotating stellar disks and the velocity field of the stellar
cusp, a region of increased stellar density around Sgr A*. For more than 50
stars the determination of all three velocity components has been possible
so far, and the derived line-of-sight and sky velocities are in good agreement
and consistent with a spherical star cluster. Likewise for several 100 stars
with known proper motion the sky-projected radial and tangential velocities
are also consistent with overall isotropy (Fig. 3.4).

However, most of the bright Hel emission-line stars at separations from 1
to 10 arcsec from Sgr A* are on tangential orbits. This tangential anisotropy
of the Hel stars and most of the brighter members of the TRS 16 complex is
mainly due to a sky projected clockwise rotation pattern, counter to general
galactic rotation. The overall rotation of this young star cluster may be a
remnant of the original angular momentum distribution in the interstellar
cloud from which these stars were formed.

In contrast to the motion of the bulk of stars in the spherical cluster of
about 0.6 pc diameter, the sky-projected velocity components of the stars
within 1 arcsec (about 39 mpc) of Sgr A* indicate deviations from isotropy
(see Fig. 3.7; Genzel et al. 2000; Schodel et al. 2003). The orbits of these
stars apparently show a preference for more radial or very elliptical orbits.
Spectroscopy indicates that they are young, early-type stars. The Sgr A*
cluster stars may be those members of the early-type cluster that happen
to have small angular momentum, and thus can plunge to the immediate
vicinity of Sgr A*. A recently proposed model suggests that they may also
have formed at greater distances and then been captured in the vicinity of
Sgr A* via 3-body exchange processes and the ejection of stellar mass black
holes (Alexander & Livio 2004).

The search for possible anisotropies of the stellar dynamics can be quan-
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Angular momenta as seen projected on the plane of the sky for late-type (left

panel) and early-type (right panel) stars within 10" of Sgr A* (Genzel et al. 2003b).
The early-type stars are found to be preferentially on clockwise (J,/J.(max) < 1) or
counter-clockwise (J,/J.(max) 2 —1) orbits while no such pattern can be found in the
orbits of the late-type stars. See also color Fig. A.10. The two histograms at the bottom
are integrated (along radius) versions of the top panels.
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tified. A convenient anisotropy estimator compares the projected tangential
v7. and radial velocities v} with each other via y7p = (v2 —v%)/v?, where
v is the proper motion velocity of a star. A value of +1 denotes projected
tangential motion, —1 projected radial motion of a star. The properties
of the anisotropy parameter yrr are discussed in detail in Genzel et al.
(2000) and Schodel et al. (2003). Genzel et al. (2000) show that an intrin-
sic three-dimensional radial/tangential anisotropy will be reflected in the
two-dimensional anisotropy estimator vrg.

A comparison of yrg histograms for stars within radii of 0.6 arcsec to
1.2 arcsec of Sgr A* using the SHARP and VLT data shows that in all cases,
the number of stars on radial orbits is 2 — 30 above the number of stars
on projected tangential orbits. From the projected radial and tangential
velocity dispersions one can estimate the anisotropy of the stellar cluster
via (Leonard & Merritt 1989; Genzel et al. 2003b):

(B) = 1= Lo} /(o7) = 3((c) — (07))/BloR) — (o)) (3.1)

Here o; and o, are the radial and tangential three dimensional velocity
dispersions. The sky projected radial and tangential velocity dispersions
that are measured via proper motions of the stars are o and og. The
anisotropy estimator can take on values —oo < () < +1, with positive val-
ues indicating radial and negative values tangential anisotropy. Averaging
the results of the 4 lists in Schodel (2004), we find (8) = 0.5+ 0.2. How-
ever, only for 3 of the lists the value of the anisotropy is in good agreement
with the average value. For one list the authors obtain a value of 3 ~ 0.
Although it has been shown (Genzel et al. 2000) that a measurement of 3
from a small sample of stars can easily be skewed towards positive values,
the simulations also show that the probability of measuring 3 > 0.5 is as
low as 256% for a sample of > 30 stars out of intrinsically isotropic or tan-
gentially anisotropic clusters. This supports the statistical significance of
the mean value of J for the central stars.

The kinematic properties of the K, < 15 stars can be analyzed further
by calculating their angular momentum J(z) along the line of sight. If the
total proper motion v, of a star were perpendicular to its projected radius p
the angular momentum along the line of sight would have a maximum value
J,(max). A convenient way of looking at the true angular momentum J(z)
is to calculate it normalized to this maximum value (Genzel et al. 2003b):

J./J (max) = (zvy — yve)/pvp . (3.2)
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Here v, vy and v, are the R.A.-, Dec.- and total proper motion velocities
of a star at the projected position (x,y) on the sky and at projected radius
p. Depending on whether the stellar orbit projected on the sky is mainly
counter-clockwise tangential, radial or clockwise tangential with respect
to the projected radius vector from the star to Sgr A* we find values for
J./J,(max) of ~ —1, ~ 0 and ~ +1. The analysis of this quantity shows
no significant projected overall rotation of the Sgr A* cluster in the central
arcsecond (Schodel et al. 2003; Schodel 2004). As for the cluster at larger
distances from Sgr A*, Fig.3.1 shows the projected radial distribution of
J./J.(max) for late and early type stars, as identified from the narrow-band
CO-index (Oftt et al. 2003; Genzel et al. 2003b). In general we find that the
late type stars have a random distribution of z-angular momenta, whereas
the early type stars have the tendency of being on clockwise tangential
orbits (J,/J,(max) >0.6). Such a coherent motion is also indicated from
spectroscopic results. While the late type stars show a random (relaxed)
distribution of line-of-sight velocities (Sellgren et al. 1990; Haller et al. 1996;
Genzel et al. 1996) the early type stars with spectroscopically measured line-
of-sight velocities north of Sgr A* are almost all blue-shifted, while they are
red-shifted south of Sgr A* (Genzel et al. 1996, 2000; Paumard et af. 2001;
Genzel et al. 2003b). This is indicative of a coherent rotation pattern, with
an axis opposite (counter) to that of the overall galactic rotation.

The origin of the coherent motion of the young massive stars within
the Galactic Center star cluster presents a yet unsolved problem. Levin
& Beloborodov (2003) have shown that 10 out of 13 of these stars for
which the full three-dimensional velocity information is available lie in a
thin disk (see also Genzel et al. 2003b). The half-opening angle of this disk
is less than 10°. The authors propose that this peculiar rotation pattern
originates from a formerly existing dense gaseous disk around Sgr A*. That
disk is no longer present today because the disk material has either been
transformed into these young and massive stars that still show the coherent
disk rotation or it has been accreted by the central black hole. Levin &
Beloborodov (2003) have searched that disk for a common plane within
which the three dimensional velocity vectors can come to lie. The 10 stars
that fulfill this criterion are IRS 16SW, 16SE1, 16SE2, 16CC, 16C, 33E,
29N, 29NE1, 34W, and YW. All of these stars move clockwise on the sky.
Star IRS 10W, although moving clockwise, has a large velocity (230 km/s)
perpendicular to the plane. Two other stars, 16NW and 16NE, both have
large velocity offsets perpendicular to the plane and move counterclockwise.

The best-fit plane is uniquely defined by the unit vector n normal to it.
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In conventional galactic coordinates with sky-projected vector elements in
right ascension and declination, and along the line of sight away from us
this vector can be described via: n = (0.486, 0.725, -0.487). Genzel et al.
(2003b) found evidence for a second possible disk that rotates almost per-
pendicular to the disk found by Levin & Beloborodov (2003). In addition
Gengzel et al. (2003b) presented intriguing evidence that the stellar popula-
tions of the two disks formed at the same time. No satisfactory explanation
could be found so far for the possible common origin of the two disks.

3.2 Scenarios for Star Formation at the Galactic Center

The luminosity of the entire central parsec of our Galaxy is dominated by
a cluster of massive stars (e.g. Najarro et al. 1997). Already the 7 most
luminous (L>10%75 Lg ), moderately hot (T<10*® K) blue supergiants
(mostly referred to as He-stars) contribute half of the ionizing luminosity
of that region (Blum et al. 1995; Krabbe et al. 1995; Najarro et al. 1997).
One explanation for the presence of these He-stars in the central parsec is
that they formed out of a massive cloud that fell into the center less than
107 years ago (e.g. Gerhard 2001) and was highly compressed there. Due
to the resulting high mass densities the cloud then became gravitationally
unstable (e.g. Sanders 1992; Morris & Serabyn 1996). Similarly, Levin
& Beloborodov (2003) suggested that the He-stars might have formed out
of a dense accretion disk that was present around Sgr A* at their time
of formation. However, the exact mechanism of star formation in the GC
still remains enigmatic: the extreme tidal fields due to the presence of a
supermassive black hole and an extremely dense stellar cluster, as well as
strong magnetic fields and stellar winds in this region need to be taken
into account in a general discussion of the possibility of star formation in
the immediate vicinity of the center (e.g. Morris et al. 1993; see also
Figer et al. 2002 on the nature of massive stars in the Arches Cluster).
The identification of the hot luminous objects at the Galactic Center with
blue supergiants is, however, not undisputed. Alternative scenarios include
late-type stars rejuvenated by collisions.

Morris (1993) suggested that the apparent hot stellar objects may be
10 Mg black holes that have temporarily acquired optically thick atmo-
spheres in collisions with red giants and appear externally as luminous blue
stars with winds analogous to those of normal O or WR stars. In addition,
the number of apparently young, massive, and hot He-stars cannot cur-
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rently be explained via a theory for normal stellar evolution (e.g. Eckart
et al, (1999b), see also Thornley et al. (2000)). We will now discuss in more
detail some of the suggested models for the presence of young stars near
Sgr A*.

3.2.1 Infall of Stellar Clusters

Due to the strong tidal forces, in-situ star formation at the very center of
the Galaxy is difficult to explain. Yet we find young and massive stars at
that location, which might imply that they were formed at a larger distance
and brought into the center later. A plausible mechanism to bring massive
stars into the center of stellar clusters is their interaction with individual
lower mass members of the cluster. By transferring kinetic energy to them
they can sink into the center. However, the time scales associated with
such two-body relaxations are long compared to the lifetime of the young
and massive He-stars found within the central stellar cluster.

To overcome this problem Gerhard (2001) proposed that a massive and
gravitationally bound system of young stars spiraled into the center by
losing kinetic energy via dynamical friction (Fig. 3.2). Such a young star
cluster could sink into the central ~ 0.5 pc before it is tidally disrupted
there. Gerhard (2001), and more recently Portegies Zwart et al. (2003) and
Kim & Morris (2003), have shown that such a scenario is indeed feasible. It
requires that such a cluster has to be initially very massive (>10* M) and
dense (or compact) in order to spiral into the center within the few million
years’ lifetime of its O-stars. It would then arrive in the central region before
dissolving completely. The dynamical friction time scale scales inversely
with the cluster mass. With an initial mass of 10% -10® Mg a cluster can
make it into the center from a distance of several parsecs within a few Myrs.
Such a cluster could be similar to the two known (non-nuclear) young star
clusters in the central 30 pc, the Quintuplet and the Arches clusters. They
have diameters of ~ 0.4 pc and estimated masses of a few 10* M, (Figer
et al. 1999a). In their most recent N-body simulations Portegies Zwart et al.
(2003) showed that a cluster of 6x104 M, and diameter < 0.3 pc could
spiral into the central parsec within the available time from an initial radius
of 4-5 pc. Kim & Morris (2003) derived similar results, but with cluster
masses > 10° M. Rapid mass segregation and core collapse appear to be
indispensable if a significant part of such a cluster is indeed to reach the
inner parsec of the Milky Way. Recently, Hansen & Milosavljevié¢ (2003)
added a new ingredient to the infalling cluster scenario: they raised the
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point that the effectiveness of dynamical friction would be significantly
increased if the cluster contained an intermediate mass black hole (IMBH)
of 103 to 10 Mg, at its center. Hansen & Milosavljevié (2003) discuss the
orbital characteristics that the gravitational interaction of the IMBH with
the central supermassive black hole would imprint onto the motion of the
young stars. They also discuss the possibility of detecting the IMBH via
its influence on the proper motion of Sgr A*.

y [pc]

Fig. 3.2 Simulation of a compact stellar cluster spiraling counter-clockwise into the
central parsec and dissolving along the way (Portegies Zwart et al. 2003). Top view onto
the plane of the orbit. Linearly scaled gray shades (black : maximum; white: minimum)
indicate the stellar density.
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Fig. 3.3 Simulation of the infall of a massive, compact stellar cluster into the central
parsec of the Milky Way and its dissolution during this process (Kim & Morris 2003).
The grey scale bars give the stellar density in Mg pc™3. The right panel shows the
distribution of the cluster stars vs. distance from the GC at the end of the simulation.

For possible compact and massive molecular concentrations as candi-
dates for systems that could sink into the central star cluster the situation
is different. Until now molecular line surveys did not find such dense (> 10°
em™3), compact and massive molecular clouds close to the center. Several
> 105 M, molecular clouds are located at distances > 10 pc from the inner
parsec (Mezger et al. 1996). At such a large radius the tidal requirements
are less severe and a cluster of young and massive stars could be formed
efficiently from such a dense cloud. It will, however, be difficult to let it sink
into the central region within the required lifetime of the young stars. The
fact that both clockwise and counter-clockwise early-type stars are present
within the central parsec (Genzel et al. 2003b) may indicate that several of
the clusters must have fallen in at about the same time. Alternatively, the
infalling system was large and/or fragmented with respect to its impact pa-
rameter or the counter-rotating systems may be the result of a collision of
two counter-rotating infalling clouds (Genzel et al. 2003b). Under these cir-
cumstances one would naturally expect that counter rotating orbits would
result from the infall.

There are two prominent aggregates of luminous, apparently young stars
that could be interpreted as the remnants of young clusters: the IRS 16 and
the IRS 13 complexes. Most of the early-type stars in the IRS 16 complex
are likely to be spatially confined within the central 0.5 parsecs. They ap-
pear to move coherently on clockwise, tangential orbits. In addition, there
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exists a small (<1.5 arcsec diameter) compact star cluster. This cluster
is IRS 13 and is moving counter-clockwise. Both findings are consistent
with the “infalling cluster scenario” (Gerhard 2001; Kim & Morris 2003;
Portegies Zwart et al. 2003). A significant difference, however, is that these
calculations predict a severe azimuthal dispersion of the infalling clusters,
since they orbit the central region a few thousand times while they are
spiraling inward. In contrast to this, the observations show rather con-
centrated distributions of young and massive stars. Most of the clockwise
moving He-stars in the IRS 16 complex are located within the south-eastern
quadrant with respect to Sgr A* (Genzel et al. 2000, 2003b). This quad-
rant is three times more densely populated with K < 15 early type stars
than the other quadrants. This asymmetric distribution is, however, not
reflected in the distribution of fainter stars in the underlying central cluster.
Unless there is a hidden, dark, and probably non-stellar additional mass of
the order of > 10* Mg it is unlikely that this asymmetric distribution is
self gravitating. It therefore is likely that at least the IRS 16 cluster can
be explained by a statistical fluctuation. In that case it will be largely
dispersed within a few hundred revolutions (i.e. about 10° years).

Maillard et al. (2003) proposed that the IRS 13 cluster is the remaining
core of a massive, young cluster. It is more compact and co-moving with
the mini-spiral. It is therefore plausible that IRS 13 is in fact a compact
stellar aggregate that is well entrained into the infalling gas-streamers. The
overall north-south elongation of the IRS 13N/IRS 13/IRS 2 complex could
then be interpreted as being due to the large tidal shear of the central black
hole.

3.2.2 In Situ Formation from Dense Gas

A second possibility is that stars formed in situ from cloud collapse, follow-
ing the infall and shock compression of a dense gas cloud (Morris 1993).
Numerous molecular and ionized gas clouds are detected in the central par-
sec, several with large radial velocities, and a few even with the correct
angular momentum (e.g. Lacy et al. 1991; Jackson et al. 1993). In order to
let self-gravitation in interstellar clouds overcome the tidal shear and create
a large number of massive stars with ages of a few million years, the required
gas densities have to be of the order of 1019 hydrogen atoms per cm?®. This
is several thousand times greater than the density of n(H,H,) < 10° cm™3
currently found in the atomic and molecular gas clouds in the central 1-2
pc (e.g. Jackson et al. 1993; Genzel et al. 1994, 2003b).
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For the high velocity stars bound to the black hole within the central
arcsecond the required gas densities are up to 10,000 times higher. High
resolution radio maps (e.g. Yusef-Zadeh et al. 1998b; Zhao & Goss 1998)
and the new VLT adaptive optics images at a wavelength of 3.8 pm provide
some evidence for large compression and the action of winds. These maps
and images exhibit sharp (diameter < 0.1”) filaments, possibly caused by
the interaction of the mini-spiral gas-streamers with the outflows and winds
from the central few arcseconds (see Fig. 0.4 and Clénet et al. 2001).

3.2.3 Formation of Stars in the Mini-Spiral

If the He-stars are indeed massive objects that were formed <107 yrs ago,
then there may be an even younger population present in the central cluster
— and if so — it might still be dust-enshrouded.

Until recently the prime candidates for young stellar objects were the
very red, dust embedded sources with featureless K-band spectra — e.g.
IRS 21, IRS 1W, IRS 10W, IRS 5 — these objects are strong 10 um sources
and are mostly associated with the mini-spiral streamers (Gezari et al. 1985;
Genzel et al. 1996). The best studied case is IRS 21 which is strongly
polarized (17% at 2 pm ; (Eckart et al. 1995; Ott et al. 1999; Krabbe et al.
1995). Initially, Gezari et al. (1985) suggested that IRS 21 is an externally
heated, high-density dust clump. Given the MIR excess and the featureless
NIR spectra several other classifications have been proposed, including an
embedded early-type star and a protostar (Krabbe et al. 1995; Genzel et al.
1996; Clénet et al. 2001). Tanner et al. (2002) suggested that IRS 21 is an
optically thick dust shell surrounding a mass-losing source, such as a dusty
WC9 Wolf-Rayet star.

It is very likely that these dust embedded sources are associated with lu-
minous stars that shock and heat the gas and dust of the mini-spiral. Cotera
et al. (1999a) find that several of these sources are offset from nearby local
maxima in the dust emission and temperature distribution. Tanner et al.
(2002) also indicate that the extended dust emission of IRS 21 is consistent
with a bow shock created by the motion of such a hot star through the
dust and gas of the mini-spiral. These results suggest that the bow shock
scenario may be applicable to most of the luminous dust embedded sources
in the central stellar cluster. This is also supported by recent results on
several other dusty sources in the mini-spiral by Tanner et al. (2003) and
the discovery of IRS 8 as a bow shock source (Rigaut et al. 2003). Therefore
the identification of these sources with young stellar objects is likely to be
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wrong.

The bulk of the ionized gas in the northern arm, mini-cavity and bar is
streaming south/south-west in a counter-clockwise pattern on the sky, with
a line-of-sight angular momentum axis parallel to galactic rotation (Lacy
et al. 1991; Yusef-Zadeh et al. 1998a). The gas-streamers are in a plane,
which is inclined ~65° with respect to the line of sight (Vollmer & Duschl
2000). A comparison of the proper motion vectors of K < 15 stars with
significantly reddened colors (K-L> 2) due to dust emission shows that the
majority of these sources are not comoving with the gas and dust of the
mini-spiral (Genzel et al. 2003b). IRS 10W, several sources in the northern
arm, IRS 1, TRS 21, the IRS 16 sources as well as sources in the bar (IRS 34)
have proper motions that are inconsistent with the velocity vectors of the
mini-spiral gas streamers. As proposed by Tanner et al. (2002), they just
happen to move through that area and interact with the mini-spiral’s gas
and dust. In particular, the proper motion of IRS 21 is fully consistent with
the Tanner et al. (2002) bow shock model. In fact IRS 1W as well as several
other dusty northern arm sources are associated with a bow shock structure
on the L-band images. The only possibly convincing case for dusty stars
moving along with the gas of the mini-spiral is the IRS 13 complex (see
Genzel et al. 2003b; Maillard et al. 2003). Furthermore, there is the group
of compact L-band sources in IRS 13N at the northern tip of the IRS 13
complex with a very large K-L excess. As discussed earlier these may
either be low luminosity versions of the brighter bow-shock sources within
the central cluster or — alternatively — they may be prime candidates for
very young stars deeply embedded in the bar (Eckart et al. 2004b).

Forming stars embedded in the mini-spiral gas-streamers also presents
a problem for the involved time scales. The dynamical time scale for the
motion of the mini-spiral through the central 0.5 pc is ~10* years. This
corresponds only to a small fraction of the plausible ages of the massive
young stars. In the case of IRS 13 it is unclear how gas and young stars
(Eckart et al. 2004b) can remain together in the same volume over much
longer than the dynamical time scale (Tanner et al. 2002). The small lumi-
nous IRS 13 cluster contains among the brightest hot stars in the Galactic
Center (Najarro et al. 1997). Using adaptive optics the central IRS 13 com-
plex can be resolved into individual objects (Paumard et al. 2001; Maillard
et al. 2003; Eckart ef al. 2004b). Eckart et al. (2004b) resolved the object
previously known as E3 into 2 components E3N and E3c. The latter one
is closest to the 7 mm VLA radio continuum source found at the location
of the IRS 13 complex (Zhao & Goss 1998). E3c may in fact be associated
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with a strong stellar wind or a dusty Wolf-Rayet like star at that location.
Given the short time scales for the motion through the central region the
young stars must be formed outside the central parsec. However, with ini-
tial, shallow or confined surveys (Figer et al. 1995; Cotera et al. 1999b)
only a few such stars have so far been found in the central 10 pc.

In general one can say that with the possible exception of TRS 13, a
scenario in which massive stars are formed just outside the dense central
region and then pass through the center on highly elliptical orbits does not
seem to be very likely. Most of the bright dusty sources associated with the
mini-spiral are probably not young and embedded “protostars”.

3.2.4 Capture of Stars by Ejection of Stellar Remnants

Recently, Alexander & Livio (2004) suggested a dynamical mechanism that
explains the presence of young, massive stars, such as S2, via exchanges
with compact remnants in the cluster immediately surrounding Sgr A*.
In their model, the young stars form at sufficiently large distances from
the central massive black hole and are then scattered subsequently into
eccentric orbits that bring them close to Sgr A*. There they might interact
with a cluster of compact stellar remnants, i.e. stellar mass black holes
of a similar mass to the young stars. Such an interaction can lead to the
ejection of a stellar mass black hole and to the capture of the young star
on a tight orbit around Sgr A*.

3.3 The Central Dark Mass

The three-dimensional radial and transverse velocities that can be derived
from the spectroscopic and imaging data indicate the presence of a compact
mass at the center of the Milky Way. The lower bound to the mass is of the
order of 10° Mpand the mass estimates are all consistent with a compact
mass of 3-4x10% Mg. In the following we summarize the results obtained
for the enclosed masses derived from estimates of increasing complexity.

3.3.1 First Order Estimates

One straight forward estimate of the enclosed mass and the mass density can
be obtained from the innermost high velocity stars under the assumption
that they are just bound, that their radial velocities are not significant, and
that their true three-dimensional distance from Sgr A*, r, is close to the
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projected distance on the sky relative to Sgr A*, p. A lower limit to the
mass enclosed within p is

Momin(p) 2 Vo, p/ (2G). (3.3)

Here vy, is the proper motion velocity of the corresponding high ve-
locity star and G is the gravitational constant. This mass estimate can be
evaluated for individual stars or for ensembles of stars. Since Vsky and p
are the true three dimensional space velocity and the distance from Sgr A*
projected onto the plane of the sky, the result is always a lower limit of
the enclosed mass. For the measured proper motions of the high velocity
stars which are typically of the order of several hundred kilometers per
second this results in values of the order of M, = 1-2x10° Mg. The
corresponding central mass densities can be estimated via

Prmin = B0k, /(8TGT?). (3.4)

Since the true distance, r, of the corresponding star from Sgr A* is a pri-
ori unknown, one may correct the projected distance statistically, assuming
a random distribution of radii: » = 4/7 x p. For typical limits of the en-
closed mass, projected proper motions, and separations of the high velocity
stars from Sgr A* one typically find mass densities of about 10*2Mg pe~3.

3.3.2 Mass Estimators

A more refined estimate of the dark mass can be obtained via the virial
theorem (My;iriqi) or by using the projected Bahcall-Tremaine mass esti-
mator (Mp7) as given by Bahcall & Tremaine (1981) (see also Genzel et al.
1996):

(3.5)

and

Mz — ﬁ S wli) pi of. (3.6)

K

Here p; is the projected radius of the star i at radius r;, which has a
weight w(7) and a one-dimensional velocity v;. Both estimators assume a
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homogeneous distribution of the stars. The virial theorem assumes addi-
tionally an isotropic velocity field. The Bahcall-Tremaine mass estimator
assumes that the stars are on isotropic orbits that are dominated by a cen-
tral mass. Apart from the dominating central mass, these assumptions are
usually not fully met in the case of the GC: there are some anisotropies in
the velocity field (see sections 3.1 and 3.6.2) and, especially for the inner-
most stars, where statistics become worse, the available sample with proper
motions might not be homogeneously distributed in space.

A very powerful mass estimator that can be applied by using the tangen-
tial and radial projections of the two-dimensional proper motion velocity,
vr and vg, is the Leonard-Merritt (LH) mass estimator {Leonard & Merritt
1989). This mass estimator is less affected by possible traces of anisotropy
within the star cluster. For a system with constant mass-to-light ratio the
authors find:

< M(r) >= éﬁ < R( vR—I— ;’UT) > . (3.7)

Applied to the proper motion data obtained within the Sgr A* cluster
one finds for both estimators a central enclosed mass of about 2-4x 106
Mg within a mean projected radius of about 10 mpc, depending on the
data set and on the methods used for the analysis (Genzel et al. 1996;
Eckart & Genzel 1997; Ghez et al. 1998; Genzel et al. 2000; Schédel et al.
2003).

3.3.3 The Jeans Method

A much better way of deriving the amount of dark mass M(r) that is
enclosed within a (three-dimensional) radius 7 is using the Jeans equation.
This method allows the mass calculation without the a priori assumption
of a dominating central mass or the isotropy of the velocity field. The Jeans
equation can be derived from the collisionless Boltzmann equation

of of
B +uVf+ V@a (3.8)
with the phase-space density of stars
f=f,ro). (3.9)

Here v and r are the three-dimensional velocities and separations from
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the center. For spherical stellar distributions n(r) in a gravitational poten-
tial ®(r) and with velocity dispersions in ¢ and @ directions

05, (ry = o5 (r) (3.10)

and assuming % = 0 (no creation or destruction of stars), one finds

Or — GM(r) _ W2 () — U?(r)(d In(n(r)) din(c?(r))

T d In(r) d In(r) 26) (3.11)

and can estimate the mass M (r) enclosed within the radius r as a function
of Vpot, 07, N, and G:

M(r) = M(vror(r), o0 (r), 00 (7), B). (3.12)

Here a rotational velocity term v, (r) has been included to account for a
systematical rotation of the cluster. A measure of anisotropy of the velocity
field is 3, which includes the radial and transverse velocity dispersions:

o3(r)

B=1- 207" (3.13)
For an isotropic velocity field =0. If that condition is not fulfilled the
degree of anisotropy of the three dimensional velocity field can be deter-
mined and introduced into the Jeans equation via the proper motions vr
and vg (see above). In that case 3 is given by Eq. (3.1) (see Leonard &
Merritt (1989)). The velocity dispersions o,(r) and densities of stars n(r)
as a function of radius r are connected to the observed projected veloc-
ity dispersion o, (p) and the observed surface density X(p) as a function of

projected separation p via Abel integral equations:

X(p) =2 /OO @Tri(%%wdr (3.14)
* n(r)o?
S(p)or(p) :2/ (rgi—;g;)/%dr. (3.15)

These integral equations can now be used to perform a x? fit of param-
eterized models for n(r) and o, (r) to the actually measured projected data
Y(p) and o,(p)? (see discussions in Kormendy & Richstone 1995; Genzel
et al. 1996). The used parameterised models are
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’I’L(T) = H—(:L"W (316)
o.(r)? = 0(c0)? + O'(Tref)Q(’l“/Tref)_Qﬁ. (3.17)

Here the central stellar density ng is estimated from the projected quan-
tities via ng = Yo /po, with r, and the corresponding projected quantity p,
being related to the core radius of the cluster. The modeling parameter j is
not to be confused with the anisotropy estimator 3, as defined above. The
velocity dispersion of the bulge at large distances from the center is o(c0)
and o(rp.s) the velocity dispersion of the cluster at a reference separation
of about 0.4 parsec (corresponding to a projected separation of 10 arcsec)
from the center. The exact procedure how the observed data is used to
calculate o(r) and n(r) and the enclosed dark mass M(r) is given in Gen-
zel et al. (1996) and Eckart & Genzel (1997). Independent of whether the
radial velocities and proper motion velocities are treated as separate or as
a combined data set one derives a total enclosed unresolved dark mass of
M=3.3x10% M with a combined statistical and systematic uncertainty of
+0.35x10% M. The statistical error is determined by the limited number
of stars and therefore the choice of possible annuli around Sgr A* in which
they can be grouped. These errors account for about +0.15x108 M (see
detailed discussions in Genzel et al. (2000)). The additional systematic
error is based on the uncertainties with which the radial and the proper
motion velocities can be determined. Since the mass estimates indepen-
dently derived from the radial velocities and proper motion velocities agree
very well with each other the anisotropy in the velocity field must indeed
be very small.

Figure 3.4 shows a compilation of various enclosed mass estimates along
with three mass models. The blue dash-dotted line is the mass model of
the stellar cluster radiating in the near-infrared with a M/L(2 pum) ratio of
about 2. In the model shown its core radius is 0.62 pc and its central stellar
density 0.5x10°Mg, pc™3. The black straight line is the combination of a
3.0x10°Mg point mass with the visible (isothermal) stellar cluster and is
the best fitting model. The dashed red line represents the combination of
the visible stellar cluster with a hypothetical extremely concentrated dark
cluster. Here, it was assumed that the central mass is contained in a small
compact cluster with a stellar volume density distribution following a model
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Fig. 3.4 Enclosed mass vs. distance in the GC. Red filled circles are measurements
from gas dynamics (Guesten et al. 1987). Green crosses are results from Jeans mass
modeling of stellar proper motions and line-of-sight velocities by Genzel et al. (1997) and
Genzel et al. (1996). Blue open circles are Leonard-Merritt (LM) mass estimates from
Genzel et al. (2000). The violet up-pointing triangle is an LM estimate from Schodel
(2004). Blue open rectangles are masses from Kepler orbits from Schédel (2004) and
Eisenhauer et al. (2003b). The dark blue diamond is a Kepler orbit mass estimate from
Ghez et al. (2003a). Various models for the enclosed are indicated (derived from x2-
fitting): the blue dash-dotted line is the mass of the large-scale isothermal stellar cluster

(p(r) = po[t + (= )2}—7&, with @ = 2). The black straight line is this cluster plus a

Tecore

point mass of 3.240.2 x 106 M@; the best fitting model. The red dashed line is the stellar
cluster plus a hypothetical compact Plummer model cluster of dark astrophysical objects

(p(r) = po[1 + (= )2]%%, with @ = 5). The Plummer cluster would be marginally
consistent with the mass derived from the innermost orbit (S0-16, see Ghez et al. 2003a).
Such a cluster would have a lifetime of less than 10% years (see section 3.4). See also

color Fig. A.11.

of the form

r

p(r) = pol + (——)?| /%, (3.18)

Tcore
A Plummer model was adopted, which is characterized by an exponential
index a=5. A value of a=5 corresponds to the sharpest cluster cutoff that
has been observed (Binney & Tremaine 1987). This large value is required
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since the first order estimates as well as the Keplerian fall-off of the velocity
dispersion (as well as the very flat distribution of the velocity dispersion
between 0.01 and 0.4 pc) indicate a very compact mass which can only be
modeled by a small cluster with a sudden drop off. The core radius and
central density of the dark cluster are determined by the innermost mass
estimate. In the figure shown this is the orbit of the star S0-16 (Ghez
et al. 2003a). The cluster can marginally fit the data with a central density
of pg > 3.2 x 10" Mg pc~2 and a core radius of repre=0.00013 pc. Such a
cluster of dark astrophysical bodies would have a lifetime less than 10° years
(see section 3.4). Further details and similar figures can be found, e.g. in
Eckart & Genzel (1996), Genzel et al. (1996, 1997, 2000), or Schodel et al.
(2003).

3.3.4 The Orbit of the Star S2

The measurements of proper motion velocities of stars near Sgr A* revealed
the presence of a concentrated dark mass of about 3 x 10° My. However,
analyses of these data are limited due to various factors. Some of these
are the limited amount of stars available for the statistical analyses, insuffi-
cient information on possible anisotropy of the stellar cluster, the necessity
of binning of the data with radial distance from Sgr A*, or the strongly
decreasing number of stars with measured proper motions at distances less
than tens of mpc from Sgr A*. Significant progress could be made, however,
through the detection of acceleration of individual stars in the immediate
vicinity of the dark mass. Ghez et al. (2000) reported the first measure-
ments of acceleration for three stars near Sgr A*. This allowed them to
pinpoint the position of the dark mass and to derive a lower limit on its
density of 8 x 10'2 M. Eckart et al. (2002a) refined the analysis of stellar
accelerations by combining the Keck and NTT proper motion data sets and
by taking the influence of geometrical projection effects into account. They
found that the amount of the dark mass within the orbits of S1 and S2 must
be 3 — 5 x 10% Mg, fully consistent with earlier proper motion measure-
ments. They confirmed that S2 was on a bound, highly inclined orbit with
large eccentricity, and an orbital period of between 16 and 27 years, con-
sistent with the unique determination of its orbit by Schodel et al. (2002),
Ghez et al. (2003b), Schédel et al. (2003), and Eisenhauer et al. (2003b)
(see also Tab. 2.2 and Fig. 2.17). Spectroscopically obtained line-of-sight
velocity measurements of S2 allowed Eisenhauer et al. (2003b) a geomet-
ric determination of the distance to the Galactic Center, Ry. Eisenhauer
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et al. (2003b) calculated a value of 3.6 & 0.6 x 105 M, and a distance of
Ry = 7.94 £ 0.42 kpc for the dark mass at the focus of the orbit of S2
(the error includes the uncertainty of Rg). This was the first geometrical
measurement of the distance to Sgr A* and the Galactic Center, derived
from a single stellar orbit. It agreed well with earlier, indirect estimates of
that distance (see e.g. Reid 1993).

3.3.5 Orbits of Other Stars Around Sgr A*

Partial orbits were observed for several other stars besides S2 (Ghez et al.
2003a; Schodel et al. 2003). The star S0-16 passed Sgr A* at a pericenter
distance of just about 60 AU (Ghez et al. 2003a). Although currently
less well determined than the orbit of S2, they are all consistent with the
presence of a compact 3—4 x 105 Mg, dark object at the position of Sgr A*.
Table 2.2 lists the properties of some orbits (Schodel 2004). Figure 2.18
(see chapter 2) illustrates these orbits superposed on a 2003 NACO/VLT
image.

3.3.6 A Lower Limit to the Mass

As a further constraint on the concentration of the enclosed mass one can es-
timate a lower limit for the fraction of the dark mass that can be attributed
to the radio source Sgr A*. Early speckle spectroscopic observations (Gen-
zel et al. 1997; Eckart et al. 1999a) and especially most recent high angular
and spectral resolution near infrared observations using 8-10 m class tele-
scopes and adaptive optics (Gezari et al. 2002; Ghez et al. 2003b; Eisenhauer
et al. 2003b) have resulted in an estimate of the spectral stellar type of some
of the sources in the Sgr A* cluster. They are most likely main sequence
stars of late O- or early B-type with masses of the order of mger = 15 to
20 M. Through several epochs of very long baseline radio interferometry
upper limits to the proper motion vgg,a. of Sgr A* itself could be mea-
sured (Backer & Sramek 1999; Reid et al. 1999). The most recent value
is Vggrax <8 km/s (Reid et al. 2003b). For the typical proper motions of
the high velocity stars within the Sgr A* cluster one finds from the velocity
dispersion of the closest, fastest stars vstar~0sgrasciuster="700 km/s. The
exceptionally low proper motion of Sgr A* indicates that Sgr A* is either
moving towards the observer under a very small angle to the line of sight
— this can be considered as being very unlikely — or that it is associated
with a large mass. Assuming equipartition of kinetic energy between the
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stars and Sgr A* and physically identifying the dark mass concentration
with the radio source Sgr A* one can write:

2
Vst
MSgr Asx 2 Mstar 28 . (319)
SgrAx

This results in a lower bound to the mass of Sgr A* of the order 10° Mg,
Combining this mass estimate with the limit on the size of Sgr A* at 7 mm
wavelength of 2.9x10'3 cm (Bower et al. 2004) one obtains a lower limit
on the mass density of 3.0x10* My pc—3. Further details on the subject
are given, e.g. in Genzel et al. (1997), Reid et al. (1999), Schodel et al.
(2003), and Reid et al. (2003b). If all the ~3.6x10° Mgas derived from the
orbit of 82 are contained in that volume the mass density will be about
35 times times higher: 1.1x102'Mg pc™3. These density values have to be
compared to the equivalent density of a 3.6x10% Mg, black hole within the
volume defined by the Schwarzschild radius of 1.1x10'2 cm. This density
is 2.1x10% Mg pc2.

3.4 Stability of the Enclosed Dark Mass

Knowing the amount and concentration of the central dark mass as well as
the velocity dispersion of the central Sgr A* cluster one can examine the
stability of hypothetical clusters of dark astrophysical objects under these
conditions as a function of mass of the individual cluster members. These
arguments are outlined, e.g. in Maoz (1995, 1998) or Genzel et al. (1997).
For an upper mass range of the cluster constituents of 0.2 to 100 Mg the
evolution of the cluster is determined by the relaxation time scale for grav-
itational interactions of the cluster members. This time scale t,, can be
calculated within the half core radius r;. For units of years, solar masses
and parsecs (including the gravitational constant G given in these units)
and the number of cluster members N, this time scale is given by Spitzer
& Hart (1971) (see also Binney & Tremaine 1987) as:

0.060M0-5715

- mG0-3log(0.4N)’ (3.20)

Th

Calculating N from the ratio between the cluster mass and the mean
mass m of a cluster member (here m = 1 Mg for convenience) and choosing
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Ms = 3.6x10° Mg and rpp = 0.01 pe as suitable units for the Galactic
Center one obtains t,, = 2.8 x 10° years.

After about 100 x t,, a significant fraction of the mass of the clus-
ter would get lost through evaporation (Spitzer & Thuan 1972; Binney &
Tremaine 1987). Model calculations (Binney & Tremaine 1987) also show
that such a cluster undergoes core collapse after

tcollapse = (10 - 16) X t'rh- (321)

This is mainly due to binary formation, an increasing collision rate
between binaries and single stars (resulting in hardened — i.e. tighter
bound — binaries) and energy loss of the binary systems via gravitational
wave radiation.

In the case of the Galactic Center, core collapse of a hypothetical dark
cluster would thus happen in 5.3x10° years for 10 Mg, black holes, 3.3x 108
years for 1.4 Mg neutron stars and 7.2 x 10° years for 0.6 M white dwarfs.
Evaporation would make such clusters unstable on 10 times these scale
estimates, all of which are extremely small compared to the total age of the
galactic nucleus. It is likely that during the dense collapse phase a central
seed black hole is formed (Rees 1984; Lee 1995; Maoz 1998).

In addition, even if the cluster re-expands after core collapse (due to
heating in binary-binary collisions), the stellar number densities during the
collapse are so high that the formation of a seed black hole is very likely.
However, the Sgr A* cluster cannot be the center of a core collapsing stellar
cluster since the mass content of such a center usually is much smaller and
its density distribution much shallower than what is found for the Sgr A*
cluster.

For masses below 0.2 Mg the number of objects that then have to
account for the overall measured mass becomes so large, that physical col-
lisions will dominate the cluster dynamics. The collisional time scale can
then be written as (Binney & Tremaine 1987):

1

16795072’ (3:22)

teoll =

Here v is the number density of stars , o the velocity dispersion, and r the
stellar radius. This scenario will lead to a collapse in less than a few times
108 years.

Figure 3.5 is based on the work of (Maoz 1998), who examined the
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Fig. 3.5 Comparison of masses and densities of observed central dark objects in the
nuclei of external galaxies and our Milky Way. Following Maoz (1998), the maximum
lifetimes of clusters of dark astrophysical objects (brown dwarfs, white dwarfs, neutron
stars, black holes) with a given density and mass are indicated in the diagram. The
clusters were assumed to follow a Plummer model density profile, the steepest asymptotic
density profile observed in any astrophysical system: p(r) = po(1 + 72/ r2)=3/2 with
central density po and cluster core radius r.. The horizontal axis represents the half-
mass of a cluster, My = Migiqa1/2, and the vertical axis its half-density, which is the
density at the half-mass radius (see Maoz 1998). In the case of the Milky Way, the
lifetime of any dark cluster with the mass and density corresponding to the observed
values at the Galactic Center would have a lifetime considerably lower than the age of
our Galaxy. The constraints on the inferred central mass density increased considerably
between 2000 (e.g. Genzel et al. 2000; Ghez et al. 2000) and 2003 (e.g. Schédel et al. 2002;
Ghez et al. 2003b; Schodel et al. 2003), reducing the lifetime of any such hypothetical
cluster to less than 10° years. For comparison, the masses and densities of dark mass
concentrations found at the nuclei of other galaxies are indicated as well (the values were
taken from Kormendy 2004).

lifetime of clusters of all kinds of astrophysical objects against evaporation
and collisional destruction of its constituents. The figure was created in
the following way: for each given total mass, mass density, and cluster
composition (from stellar mass black holes to sub-brown dwarf objects)
the lifetime of a Plummer model cluster is limited by the evaporation and
collision time scales, i.e. the lower one of these two values. From all these
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values the cluster composition with the maximum lifetime was chosen as
the limit for a given mass-density point in the diagram. In the case of the
Milky Way, the life time of any dark cluster with the mass and density
corresponding to the observed values at the Galactic Center would have a
life time considerably lower than the age of our galaxy. The constraints
on the inferred central mass density increased considerably between 2000
(e.g. Genzel et al. 2000; Ghez et al. 2000) and 2003 (e.g. Schodel et al.
2002; Ghez et al. 2003b; Schidel et al. 2003), reducing the life time of any
such hypothetical cluster from less than 10® to less than 10° years. For
comparison, the masses and densities of dark mass concentrations found at
the nuclei of other galaxies are indicated in Fig. 3.5 as well (the values were
taken from Kormendy 2004).

A lifetime of 10° yr is more than five orders of magnitude shorter than
the lifetime of the Milky Way, making the dark cluster hypothesis seem
extremely unlikely. Hence, a compact cluster of astrophysical objects, e.g.,
brown dwarfs, neutron stars, or stellar mass black holes, with the total
mass and mass density corresponding to the Galactic Center cannot be
stable and does not provide a viable alternative to the supermassive black
hole paradigm.

3.5 Agglomerations of Exotic Particles?

In order to explain the extreme mass concentration at the center of the
Milky Way two “dark particle matter” models have been under discussion
as an alternative to a supermassive black hole. These are the so called
“fermion ball” and the “boson star” scenarios.

The fermion ball as an attempt to explain large compact nuclear masses
observed at the centers of galaxies was introduced by Viollier et al. (1992).
They are stabilized by the degeneracy pressure of the corresponding fermion
candidates, e.g. neutrinos. The self-gravity of a ball of degenerate fermions
can be balanced by the degeneracy pressure of the fermions due to the Pauli
principle. In this case, the relation between the mass M and the radius I
of a fermion ball, composed of fermions with mass m and degeneracy g, can
be described by the non-relativistic Lane-Emden equation:
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o1860r8 (2\2 117" [15keV\¥? 12\¥2 /hap\ Y
mdG3 \g) M =T\ ez g M '
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Here the result R is given in lightdays and the used constant r, equals
3610.66. The maximum mass of a degenerate fermion ball is given by the
Oppenheimer-Volkoff limit

3 1/2 1 keV 2 9 1/2
Moy = 0.38322M—12°l <2> — 2.7821 x 10° <5—;> <—> ,
m?2 \ g me g
(3.24)

where the result Moy is given in Mg and Mp; = (he/G)Y/? = 1.2210 x
10'? GeV is the Planck mass. For a given fermion mass m all objects
heavier than Moy must be black holes.

In case of the GC, the Oppenheimer-Volkoff limit gives us maximum
fermion masses of 351 keV for ¢ = 4 and 417 keV for g = 2. The orbit of
S2 tells us M = 3.6 x 10 Mg and R = 0.00055 pc= 0.655 ld. Therefore,
we obtain as a minimum fermion mass 48 keV for ¢ = 4 and 57 keV for
g = 2. The most massive central dark object currently known is located
at the center of M87, with a mass of > 3 x 10° Mg. The Oppenheimer-
Volkoft limit would allow a maximum neutrino mass of 14 keV in that case.
Comparing this value with the above derived constraints on the properties
of a putative neutrino ball at the Galactic Center, one can exclude the
possibility that all compact dark objects at the centers of galaxies can be
explained by a neutrino ball model.

A motivation for the development of the neutrino ball scenario was that
a resolved mass — and therefore a gravitational potential that decreases
near the very center — would account for a decreasing radiative efficiency
towards its center. This would have helped to explain the low luminos-
ity of Sgr A*. That scenario, however, does not explain what happens to
the permanently in-falling (baryonic) matter. It appears plausible that it
will be trapped and condense at the bottom of the potential well, where
it might eventually form a seed black hole. This scenario defeats the pur-
pose of having a ball of degenerated matter (especially neutrinos; Melia
& Falcke 2001). A neutrino ball could not account for the compactness of
Sgr A* observed at radio/mm wavelengths. Observations of X-ray and NIR
flares from Sgr A* (Baganoff et al. 2001, 2003; Eckart et al. 2003b; Porquet
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et al. 2003; Goldwurm et al. 2003; Ghez et al. 2004; Genzel et al. 2003a)
suggest that the emission comes from structures smaller than about ten
Schwarzschild radii of a 3.6 x 105 My, million solar mass black hole. This
is more than two orders of magnitude more compact than the radius of a
neutrino ball with a neutrino mass of 48 keV.

The only dark particle matter explanation that cannot be ruled out
by the present data is a ball of mini-bosons (Maoz 1998), since such a
ball could form a very compact configuration that is difficult to distinguish
from a black hole. However, it would be hard to understand how the
bosons managed to cool sufficiently in order to settle down into such a small
volume, and did not form a black hole during that process (Maoz 1998).
Boson stars (Kaup 1968) are supposed to be supported by the Heisenberg
uncertainty principle. Ruffini & Bonazzola (1969) showed that — e.g. for a
boson mass of 1GeV — a stable object of total mass of 107*Mg and 1 fm
diameter could be formed. If a hypothetical weak repulsive force between
bosons is introduced (ad hoc) (Colpi et al. 1986), it would be possible to
form objects with total masses as large as they are found in galactic nuclei
(Colpi et al. 1986). For a large range of hypothetical boson masses they
can have sizes of only several times their Schwarzschild radii. This makes
it difficult to clearly distinguish observationally between boson stars and
black holes as candidates for supermassive objects at the nuclei of galaxies
(see also Torres et al. 2000; Mielke & Schunck 2000).

However, even if a boson star had formed at the center, it should even-
tually have collapsed to a black hole through accretion, during its lifetime,
of the abundant gas and dust in the Galactic Center. Therefore we con-
clude that similar to the fermion ball solution, a supermassive boson star
is not an astrophysically attractive explanation for the high mass concen-
tration at the center of the Milky Way. As for the possibility of definitely
ruling out the boson star scenario, simultaneous multi-wavelength mea-
surements of the emission from Sgr A* (see Eckart et al. 2004a) will allow
one to constrain the emission mechanism and therefore the compactness
of the emitting region around Sgr A* even further. Probably within the
next decade it will be possible to image the “shadow” cast by the putative
black hole through deflection of light rays with global radio interferometry
at sub-millimeter wavelengths. Such an experiment will involve very long
baseline interferometry in the sub-mm regime (Falcke et al. 2000; Melia &
Falcke 2001).
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3.6 The Central Stellar Cusp

The cluster in the Galactic Center is the densest stellar system that can be
observed and analyzed in detail at scales from parsecs down to light days.
It provides the unique opportunity to study the processes and evolutionary
history of a cluster that is dominated by a supermassive black hole. As
such it serves as an exemplary case for other quiescent galactic nuclei.
Theoretical considerations and numerical modeling predict the formation
of a local stellar density excess, a so-called cusp, around a SMBH (see e.g.
Bahcall & Wolf 1976, 1977; Young 1980; Binney & Tremaine 1987; Quinlan
et al. 1995). The stellar density is expected to increase approximately
with a power-law r* toward the central black hole. The exponents of the
power-law density distribution vary between values of —2.5 < a < —0.5
and depend on factors such as the growth rate of the central black hole,
the range of stellar masses in the cluster, or the importance of inelastic
stellar collisions. Stellar collisions will tend to flatten the slopes of very
dense cusps.

3.6.1 Spatial Distribution of the Stars

Speckle imaging observations at the NTT and Keck telescopes found the
first indications for a cusp around Sgr A* (Eckart et al. 1995; Alexander
1999). With the more sensitive and higher spatial resolution adaptive optics
observations available at 810 m class telescopes since about the beginning
of this decade in the near-infrared, spatial scales from light days to a few
light years can be probed effectively. The diffraction limited imaging data
of NAOS/CONICA at the VLT allowed oneto derive counts of sources with
magnitudes K;<17 in annuli centered on the position of Sgr A*. These
counts can be corrected for crowding and confusion. The influence of these
effects are usually estimated by adding artificial stars to the images and
finding the probability of recovering them at the various known locations
in the images (see chapter 2.8). Sensitive high-resolution observations of
the central stellar cluster and analysis of its surface density were carried
out by Genzel et al. (2003b). The obtained stellar densities clearly confirm
the presence of a stellar cusp. Genzel et al. (2003b) found that the cusp
has a power-law exponent of &« = —1.4+0.1 and is centered on Sgr A* with
an uncertainty of just 0.2”.

In order to estimate the stellar mass of the cusp with a slightly different
approach, Mouawad et al. (2004) fitted the combined SHARP and CON-
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Fig. 3.6 A Plummer model fit to the surface density of stars as a function of distance as
given by Mouawad et al. (2004). The grey, filled circles represent the CONICA/NAOS
data for K,<17. The darker, filled diamonds represent the SHARP/NTT data for stars
with Ks<15 (Genzel et al. 2000), scaled upward by a factor of 5 in order to match the
fainter CONICA/NAOS counts. The dashed and dotted curves represent the minimum
and maximum fit to the data, respectively. The thin straight curve represents the av-
erage fit. The dash-dotted curve shows the stellar density distribution expected for an
isothermal stellar cluster. See also color Fig. A.12.
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ICA stellar count data with a superposition of several Plummer models
of the form: p(r) = p(0)[1 + r/r2,,.]"%/? (a=5), with different densities
p(0), and different core radii 7¢ore ( Fig. 3.6). This model emphasizes a
distinct break in the density profile at a radial distance of about 1 arcsec-
ond. The cusp is described by a Plummer model with the smallest core
radius, reore=0.55 arcsec, and a spatial density p(r)=4.35x107 Mg pc3.
The cluster at larger distances is described by the superposition of further
Plummer models with larger core radii and lower densities. The Plummer
model next to the innermost one (that describes the cusp) has reore=0.135"
and p(r)=6.5x10% Mg pc—2. The average fit in Fig. 3.6 is outlined by the
straight curve. The dashed and the dotted lines represent the uncertainties
of the model.

3.6.2 Velocity Distribution of the Stars

With the measured stellar proper motions, one can examine the isotropy
of the stellar velocity field in the cusp with the anisotropy estimator
yrr = (v4 — v%)/v?, where v is the proper motion velocity of a star,
with vr and vg its projected tangential and radial components. A value
of +1 signifies projected tangential motion, —1 projected radial motion
of a star. The properties of the anisotropy parameter yrg are dis-
cussed in detail in Genzel et al. (2000). They showed that an intrinsic
three-dimensional radial/tangential anisotropy will be reflected in the two-
dimensional anisotropy estimator yrr. Genzel et al. (2000) found first
indications of a possible radial anisotropy in the central arcsecond of the
Sgr A* cluster.

Schddel et al. (2003) repeated this analysis with a more complete data
set and could confirm a prevalence of radial motion in the central arcsecond
(see Fig. 3.7). With densities of the order 107 to 108 Mgypc™3 in the central
arc-second, two-body interactions should be comparably frequent and the
relaxation time is less than 10% yr. In this case we would expect to ob-
serve an isotropic velocity field. Therefore, the observed radial anisotropy
comes as a surprise. Possibly, only the brighter, potentially young stellar
component is un-relaxed and is characterised by radial anisotropy. A larger
and deeper proper motion data base or a statistically significant sample of
well determined orbits of individual stars in the cusp is needed before one
can definitely exclude isotropy of the central cluster. But should the radial
anisotropy indeed be proven to be true, theoretical and modelling efforts
will be needed to understand this property of the Sgr A* stellar cluster.
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The Sgr A* cluster appears to contain young, O/B-type stars the origin
of which cannot be explained satisfactorily by current models. A poten-
tial anisotropy of the cluster might well provide clues that might help the
understanding of its formation. In the scenario proposed by Alexander &
Livio (2004), for example, massive stars may become trapped on prefer-
entially eccentric orbits near Sgr A* through interaction with stellar mass
black holes, whereby the latter are ejected from the cusp.
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Fig. 3.7 Indications for anisotropic orbital motion of stars within the central cusp of
stars around Sgr A* (Schédel et al. 2003; Schidel 2004). The anisotropy parameter
Yrr = (v% — U%)/lﬂ, evaluated for two epochs separated by 7 years, indicates that the
stars are preferentially moving along radial orbits.
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3.6.3 Mass of the Cusp

Under the assumption that the mass to light ratio of the inner cluster is
comparable to that of the outer cluster (M/L~ 2 pm), Mouawad et al.
(2004) calculated the enclosed mass as a function of distance from Sgr A*.
With the assumed M/L-ratio, the mass present at a distance of 0.55 arcsec
from the black hole was found to lie between 8000 Mg and 9000 M©, with
about 3100 Mg, located within the orbit of the star S2.

Using a fourth order Hermite integrator similar to the one used in
high-accuracy N-body simulations (Makino & Aarseth 1992; Aarseth 1999;
Spurzem 1999), and adapting the best fit value of the mass models in
Fig. 3.6, Monawad et al. (2004) computed the trajectory of a star around
the black hole for an S2-like orbit (Schédel et al. 2002, 2003), taking into
account the gravitational potential of extended mass in the cusp. The Her-
mite scheme allows a fourth order accurate integration based on only two
time steps. At this point the use of Plummer model superpositions is very
convenient, since the calculation requires the analytic computation of the
time derivative of the gravitational force. The resulting retrograde perias-
tron shift amounts to a value of ~1.7 arcmins per orbital revolution which is
a few times smaller than the relativistic prograde periastron shift (Rubilar
& Eckart 2001). By dropping the assumption of Keplerian orbits, Mouawad
et al. (2004) showed that not more than 10% of the dark mass present near
Sgr A* can be due to an extended component. It is, however, unlikely that
— if present — such a high cusp mass is composed out of sub-solar mass
constituents, but it could be explained fairly well by a cluster of more mas-
sive, high M/L stellar remnants, which Mouawad et al. (2004) find to form
a stable configuration.

3.6.4 Young, Massive Stars in the Cusp

In order to analyse the stellar content of the central cusp the K-band lumi-
nosity function (KLF) is of great use (Alexander 1999; Genzel et al. 2003b).
This function investigates the logarithm of the number of stars per K-band
magnitude bin. Genzel et al. (2003b) find that the cusp is well pronounced
within the central 1.5 acrsec and that the KLF of that region is a feature-
less power-law. With dlog N/dK ~ 0.21 £ 0.03 it has a similar slope as the
integral KLF over the central 9 arcsec. The hump at K4 ~16 in the KLF of
the overall cluster, which is due to horizontal branch/red clump (HB/RC)
stars, is absent in the central cusp (see Fig.2.12). In addition the dense
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cusp also lacks late type giants. This is either due to the real absence of
old, low mass stars or, alternatively, red giant branch stars are stripped of
their envelopes by collisions or close tidal encounters. Losing their envelope
well before their helium core reaches critical mass for helium ignition, these
stars would evolve directly to become helium white dwarfs.

In addition to the KLF that allows us to analyse the continuum emis-
sion of the cusp stars, near-infrared spectroscopy can help to determine the
properties and spectral types of the central cusp population. Early low res-
olution speckle spectroscopy of the central arcsecond has demonstrated the
absence of CO absorption for several individual high velocity stars (Genzel
et al. 1997). As confirmed for the integral spectra of the Sgr A* cluster
(Eckart et al. 1999a; Figer et al. 2000) this result indicates the presence
of main-sequence O8/09 stars in that region. Gezari et al. (2002) and
Ghez et al. (2003b) have recently reported adaptive optics assisted spec-
troscopy with the Keck telescope of several high-velocity stars in the cusp
near Sgr A* (see also Eisenhauer et al. 2003b). Star S2 exhibits HI Bry
absorption corresponding to a hot main-sequence O8/09 star. Star S1 and
the fainter star S0-16 do not exhibit CO absorption features, and thus are
likely BO (S1) and B5 (S0-16) early type stars.

3.6.5 Dynamics of the Cusp and Presence of Young Stars

Genzel et al. (2003b) found that a large fraction of the early type K < 15
stars within the central few arcseconds of Sgr A* form a clockwise or
counter-clockwise rotation pattern around Sgr A* (see Fig. 3.1). This indi-
cates the presence of a non-relaxed distribution of angular momentum. The
most obvious interpretation is that these stars are recently formed young,
massive O/B and Wolf-Rayet stars, quite similar to the brighter Hel emis-
sion line stars. They must be members of the 2-8 Myr starburst component.
This behaviour also requires that their ages are significantly smaller than
the two-body relaxation time, which is given by (e.g. Genzel et al. 2003b)

te(m) = 10820320 0B Lin(N, /12)) 1 [yr]. (3.25)

Here Mj is the mass enclosed within radius 719 (in units of 10” or 0.38 pc)
in units of 3 x 108 My, myg is the stellar mass in units of 10 Mg and N, is
the number of stars. This must be compared to the (main-sequence) stellar
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lifetime (e.g. Genzel et al. 1994; Cox 2000)

1073m2° [yr] for mip < 0.9

. .26
1072my5 [yr] for mig > 0.9 (3:26)

tms(m) = {
Comparison of the two-body relaxation time and the stellar lifetime shows
that the presence of individual young massive stars in the central arcseconds
cannot be explained via mass segregation. That means it can be excluded
that stars more massive than about 2.5 Mg have first formed outside the
dense central (> 1 pe) cluster region and then sunk via two-body relaxation
to the central few arcseconds afterwards.

The effectiveness of dynamical friction is much higher, however, if one
considers the infall of entire clusters instead of just individual stars (see
section 3.2.1). The idea that the young stars in the central parsec may be
the remnants of a dissolved cluster is discussed, e.g. by Gerhard (2001);
Portegies Zwart et al. (2003) and Kim & Morris (2003). They find that
young, massive stars could indeed be transported close to the central black
hole within their lifetime if they are transported inwards as part of a mas-
sive, dense cluster. However, such a cluster must have a mass of the order
~ 10° My or even higher and must not form at distances of much more
than about 5-10 pc from the center. Considering these fairly severe con-
straints, such a scenario does not appear very likely, although there are
some indications that the IRS 13 complex of young, luminous stars might
be the remnant of a cluster core (Maillard et al. 2003).

In the case that a substantial accretion stream around Sgr A* was
present at an earlier epoch, the high velocity stars near Sgr A* could have
migrated inward as a result of tidal interaction with the dense disk (Ward
1986). However the observed high eccentricities of these stars still remain
to be explained.

Gould & Quillen (2003) suggest that S2 was injected into its close orbit
by the tidal disruption of a massive binary star, whose primary was more
massive than 82 and at least 60Mg. From numerical integrations they find
that 1%-2% of incoming binaries with closest approach equal to 130 AU
will leave the secondary in an orbit with an eccentricity close to that of S2.

Another possibility is that the massive, apparently young stars are
formed through mergers of lower mass stars. The very high mass den-
sity in the central cusp may have resulted in the formation of massive —
apparently young — stars through collisions and accompanied rejuvenation
of older stars (Morris 1993; Lee 1994; Alexander 1999). The probability of
massive stars being formed in this way can be qualitatively assessed by
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comparing the collisional time scale between stars of different masses with
their lifetime. Since the collisional time scale increases with mass, while
the respective stellar lifetime decreases, the maximum stellar mass formed
in a merger sequence occurs roughly when the two time scales are equal.
As shown analytically in Appendix A by Genzel et al. (2003b), 10 Mg
stars can be formed in this way in the innermost cusp, within the central
~0.1 arcsec of Sgr A*, if the merger efficiency in high velocity collisions is
large and the angular momentum of the rapidly rotating merger is efficiently
removed.

Genzel et al. (2003b) conclude that the high velocity stars in the Sgr A*
cluster may thus be collisional products — possibly similar to blue strag-
glers found in globular clusters (Bailyn & Pinsonneault 1995). However, de-
tailed Fokker-Planck calculations by Lee (1994) show that the more massive
‘Hel’ emission line stars (30-100 M) at projected distances from Sgr A*
of the order of 1 to 10 arcsec cannot have formed this way.

Stellar collisions are more frequent in the densest regions of the cusp,
at distances < 1” (about 40 mpc) from Sgr A*, where the number density
exceeds a few times 107 Mg pe™3. In order to be effective, these collisions
have to occur within the lifetime of the cusp stars. The mass dependence
of the main-sequence lifetime is given in Eq. (3.26), and for main-sequence
stars one can use the standard radius-mass relationship (Cox 2000). It turns
out that collisions are effective in forming 1 Mg stars within the central
Teo1=0.6 arcsec. If the merging efficiency is high for grazing collisions (see
references in Genzel et al. 1996), 7o, is also the radius within which many
1 Mg, stars continuously merge into 2 Mg, stars. However, the high velocity
S-sources probably require collisions and merging of more massive stars.
For a merger product of 10 Mg, 701 is of the order of 1/10 of an arcsecond
i.e. well within the Sgr A* cluster zone.

For the merger product to be stable and the merging efficiency to be
high it is also required to quickly remove the angular momentum of the
initially rapidly rotating system (e.g. Sills & Bailyn 1999; Sills et al. 2001).
That could be accomplished via magnetic breaking through a wind/outflow
or through a locked circumstellar disk (e.g. Sills et al. 2001). If star S2
is such a merger product then this breaking has worked quite efficiently.
For the star S2 the rotation velocity of 224 km/s as deduced from NIR
spectroscopy is reasonable for the range of likely spectral classifications
reaching from O8 to B0 (Gathier et al. 1981; Ghez et al. 2003b). Thus, in
the light of these results and of the theoretical considerations on merging
efficiency, S2 appears to be an ordinary main-sequence star rather than a
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collision product.

Another expected effect of stellar collisions in the cusp region is the
destruction of late-type giants (e.g. Alexander & Kumar 2001; Alexander
& Livio 2001; Alexander & Morris 2003). Alexander (1999) and Genzel
et al. (2003b) show that this process becomes very effective for 50 R, giants
within the central 1 to 2 arcseconds. If such collisions permanently destroy
the giant’s envelope, one would expect that the density of late type giants
decreases in the central few arcseconds. The drop in the CO-index within
the central 5 arcseconds and the replacement of late type stars by the
bright and hot stars is discussed, e.g. in Lacy et al. (1982), Phinney (1989),
Sellgren et al. (1990), and Genzel et al. (1996). Genzel et al. (1996) discuss
stellar collisions and external photoionization as two possible mechanisms
for removing late-type stars in the core. A more recent analysis of the
stellar populations and evolution in the environment of the central stellar
cluster is given by Genzel et al. (2003b).

Freitag & Benz (2002a) have carried out extensive numerical multi par-
ticle Monte Carlo simulations that include the effects of stellar collisions
and the presence of a massive black hole at the center of the stellar clus-
ter. They are treated in combination with detailed smoothed particle hy-
drodynamics calculations of individual collision processes (Freitag & Benz
2002b). These calculation reproduce the standard r~7/4 density cusp found
by Bahcall & Wolf (1976) in the case in which tidal disruptions are taken
into account but collisions of stars are switched off or inefficient. In cases in
which stellar collisions are included or very efficient, shallower cusps with
exponents around —0.5 are produced. The new calculations show that the
role of collisions was probably overestimated in previous works.

3.7 Amnalysis of Stellar Orbits Near the Central Black Hole

We have seen that the center of the Milky Way contains a massive black
hole that is surrounded by a dense stellar cluster with a density cusp cen-
tered on the black hole. Due to its proximity it is the only such system
that can be studied in detail across the electromagnetic spectrum at high
sensitivity and angular resolution. Individual stars can be resolved down to
distances of the order one light day with NIR adaptive optics observations
at telescopes of the 8-10 m class. Hence, this offers the exiting possibility to
study the distribution and dynamics of stars in this exemplary system and
test theoretical predictions such as cusp formation, cluster relaxation, or
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relativistic orbital motion. Stellar orbits probe the gravitational potential
at the very heart of the galaxy and can be used as tools for testing the
theory of relativity and to infer the distribution of mass in the immediate
vicinity of the black hole. They might be useful in detecting dark stellar
remnants that might be accumulated at the bottom of the potential well
due to mass segregation effects. These studies will become even more im-
portant in the very near future due to the increased angular resolution and
sensitivity that can be achieved with large aperture interferometry.

3.7.1 Relativistic Periastron Shift

With the increased point source sensitivity and resolution due to the combi-
nation of large telescope apertures, adaptive optics, and NIR interferometry
it is likely that stars with orbital time scales of the order of one year will be
detected in the near future. Theses sources, however, will most likely not be
on simple Keplerian orbits. The effects of measurable prograde relativistic
and retrograde Newtonian periastron shifts were investigated by Fragile &
Mathews (2000), Rubilar & Eckart (2001) and recently by Monawad et al.
(2004). Both types of periastron shifts will result in rosetta shaped or-
bits. A substantial Newtonian periastron rotation can already be expected
if only a few percent of the central mass are extended. Measuring the pe-
riastron shift of a single star will allow us to determine the inclination of
the stellar orbits and to derive inclination corrected shift values. Acquiring
the periastron shifts for three stars on orbits with different energy or angu-
lar momentum will enable us to solve unambiguously for the compactness,
extent and shape of any extended mass contribution (Rubilar & Eckart
2001).

An analysis of the expected periastron shifts has been given by Frag-
ile & Mathews (2000) (see also Munyaneza et al. 1998; Jaroszynski 1998,
1999). In those cases in which we consider a central black hole we as-
sume that it is non-rotating (although recent observations indicate a non
zero angular momentum; see section 3.8.5) because Jaroszynski (1998) and
Fragile & Mathews (2000) have shown that the effects of the black hole an-
gular momentum (as least on the currently observable stars) are negligible
over several orders of magnitude of the orbital time scale. We also assume
that the stars within the central arcsecond are compact main sequence stars
and that their orbits are not influenced significantly by tidal effects on their
surfaces.

First, we consider the case where all the mass in the central region is
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in the form of a single black hole. In this case the relativistic prograde
periastron advance per revolution is given by (see Rubilar & Eckart 2001)

6rG M

Ay = ¢ a(l—e?)’

(3.27)
with a being the semi-major axis and e the eccentricity of the orbit, respec-
tively. The positional shift of the apoastron
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(3.28)

is, to first order, independent of the semi-major axis a and only depends
on the eccentricity e of the orbit. Therefore, the accuracy with which posi-
tions can be measured imposes a lower limit on the eccentricities of orbits
for which relativistic periastron shifts can be observed. For an accuracy
of 1 mas = 0.04 mpc this corresponds to e > 0.93 and for an accuracy of
0.1 mas = 0.004 mpc, e > 0.35. Table 2.2 shows that at least three of the
stars with observed orbits have eccentricities > 0.8. For these objects the
positional shifts will be close to the range of 1 mas. Current high-precision
astrometric measurements with the Keck and VLT telescopes achieve po-
sitional accuracies of the order 2 mas. This means that next generation
instruments such as LBT or VLTI will be needed in order to measure peri-
astron shifts of the currently known stars near Sgr A*. However, with the
combined angular resolution and sensitivity of NACO at the VLT (which
only became operational at the beginning of 2002) there is hope that faint
stars with orbital periods of a few years could be identified in the dense cusp
around Sgr A* within the next years. Hence, under optimistic assumptions,
progress on the issue could be already made within this decade.

3.7.2 Lense-Thirring Precession

The Lense-Thirring effect may have an influence on the motion of stars
and gas in the vicinity of the massive black hole at the position of Sgr A*
and will result in the precession of orbits. Here we will mainly summarize
the effects on the stellar orbits. The Lense-Thirring effect may also be of
importance in the analysis of light curves of Sgr A* because it is one of the
dynamical modes of the matter being accreted (see section 3.8.6).

As pointed out earlier, most of the young massive He-stars appear to
be orbiting the central black hole in a thin stellar disk with a disk opening
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angle of less than 10°. The three-dimensional orbit of S2 is inclined to this
stellar disk by 75°. Levin & Beloborodov (2003) predicted that the orbit
should undergo Lense-Thirring precession with the period of (6/a) ~ 108
yr, where a < 1 is the dimensionless spin of the black hole.

The sense of orbital rotation of 82 is similar to that of the stellar disk,
however, its orbital plane is different. S2 is so close to Sgr A* that the black
hole spin could make the orbital plane of S2 turn slowly around the spin
axis. This effect of general relativity is known as Lense-Thirring precession
(Misner et al. 1973). Using the measured orbit eccentricity for S2 of ¢ = 0.87
and its semi-major axis 79 = 4.6 x 1073 pc, Levin & Beloborodov (2003)
give as the period of precession for a black hole of three million solar masses

3.6 x 10°M¢, 1—e?

Prr =4. ba™" ?
T 03 x 10°a™( i )X(1—0.872

P/ x(

To )
4.6 x 10-3pc3 "
(3.29)

where a is the dimensionless spin of the black hole, with a = 1 corresponding
to a maximal spin. Thus, even though the S2 orbit is not presently in the
plane of the stellar disk, it could have been there a few million years ago.
The current angle between the disk and the S2 orbital plane is about 75°,
and the disk origin of S2 would require

3 x 10°Mg 5.8 x 10%yr

> 0.21
¢ ( Mpg ) tg2

(3.30)

where tgo is the time for which S2 has resided in the Sgr A* cluster on a
precessing orbit close to Sgr A*.

Lense-Thirring precession of this magnitude could turn the 52 orbit by
75° and it therefore appears to be possible that the S2 orbit originally lay
in the stellar disk plane.

Once the orbital elements of other stars within the Sgr A* cluster are
known with a similar accuracy as it is now the case for S2, the hypothesis
that they originated in the same stellar disk and later precessed out of
the disk plane could be tested more thoroughly. Just one additional orbit
would be sufficient to determine the direction of the black hole spin, and
two additional orbits would allow us to confirm or rule out the precession
hypothesis (Levin & Beloborodov 2003). All of this, however, relies on the
fact that scattering due to two-body interactions is negligible which may not
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necessarily be the case given the high cusp mass density (see section 3.7.5).

3.7.3 Newtonian Effects

Since the stars are moving on elliptical orbits through the extended mass
of the dense stellar cluster their orbits will be subject to Newtonian orbital
shifts. In order to study this effect Rubilar & Eckart (2001) considered
the simplest case of a spherically symmetric mass distribution. Here it is
assumed that a given star can enter the extended mass distribution, and
neglect any non-gravitational interactions.

As a consequence of the spherical symmetry of the considered mass dis-
tribution, the (Newtonian) gravitational force on a given star depends only
on the enclosed mass within the radius corresponding to the position of the
star. Therefore, as it moves towards the center of forces, the gravitational
force and hence the curvature of the orbit is smaller than in the case in
which the whole mass is concentrated within a radius smaller than the pe-
riastron radius of the stellar orbit. This leads to orbits with a retrograde
orbital shift — that is a shift in the opposite direction as compared with
the relativistic orbital shift.

In principle, one could directly compute the shifts using the Newtonian
angular integral for a spherically symmetric system

Ta ! lQ -1/2
Ap = / dTT_z {QE pb e ng} (3.31)

and its post-Newtonian generalization. This is, however, difficult to imple-
ment in practice due to the singularities of the integrand at the end points.
See the following section or Rubilar & Eckart (2001) for further details.

3.7.4 Orbits in a Uniform Density Sphere

Jiang & Lin (1985) presented a simple analytical treatment of the orbits of
a test particle which is allowed to enter into the inner region of a sphere
with uniform matter distribution. Only the Newtonian gravitational force
is considered. In this case, the potential is given by

or) = (3.32)
_GM r> R7

T
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where R is the radius of the sphere of total mass M. They have shown,
that for a given M and R the resulting orbit precession is given by

Ay = 2arccos [Z1 (e, a)] + arcsin [Ez(e, a)| — g, (3.33)
with
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Here Rubilar & Eckart (2001) have rewritten the results of Jiang & Lin
(1985) in terms of the semi-major axis a and the eccentricity e of the Kep-
lerian approximation valid at larger distances from the focus of the orbit.

Some expected periastron shifts calculated as a pure Newtonian effect
are given by Rubilar & Eckart (2001) and recently by Mouawad et al.
(2004). Depending on the amount of extended enclosed mass the shifts can
be substantial even after a single revolution. In the case of the stars in the
Sgr A* cusp and assuming a cusp mass of about 7000 My, the expected
Newtonian shift would be small and of the order of the relativistic periastron
shift (< 10" per revolution).

3.7.5 Stellar Deflections

From stellar number counts Genzel et al. (2003b) derived a mass density
law for the cusp by fitting a broken power-law to the observed number
densities:

r

W) . [Mope™@], (3.37)

pul(r) = 1.2 x 10° (

with o = 2.0+ 0.1 at » > 04 pc, and o = 1.4+ 0.1 at r < 0.4 pc (see
section 2.8.1). We can calculate the probability of deflection of a star in
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Fig. 3.8 Top panel: number density of objects in the cusp at a distance of 0.1” (~
3.9 mpc) from Sgr A* versus the mass of these objects. Bottom panel: time after which
a star such as S2 experiences a stellar encounter with a deflection > 10° from its path
with a probability of one. The time is plotted versus the mass of objects that the cusp
might be composed of.

the cusp from its orbit by using this information in combination with the
standard scatter law
0 (mA + mB)G
tan - = ————— 3.38
5 P (3.38)
where 6 is the scattering angle, m 4, are the masses of the scattered objects,
G the gravitational constant, v the relative velocity at infinity and s the
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impact parameter (Bowers & Deeming 1984). One might now ask the
question of after what length of time the probability for scattering a star
by an angle of e.g. > 10° from its path equals one. In order to obtain a
rough idea, one can take the orbital parameters of S2 and integrate along
its trajectory (neglecting the velocity of the scatter partners). Since one
does not know the exact composition of the cusp, this calculation can be
repeated for various masses of the particles that constitute the cusp. The
upper panel of Fig. 3.8 shows the number density of the cusp at a distance
of 0.1” (3.9 mpc) from Sgr A* versus the cusp particle mass. The lower
panel of Fig. 3.8 shows the time after which the probability reaches one
that S2 is scattered by > 10° by an encounter in the cusp, plotted versus
the cusp particle mass.

The plot shows that if the cusp consists of objects with masses around
5 Mg a star such as 52 will undergo a strong scattering event within a time
of roughly two million years. Deflections of the order 1° will even occur
on time scales as short as 10* years. This means that the nuclear stellar
cluster may be dominated by such scattering events. Hence, it is highly
improbable that Lense-Thirring precession has a measurable effect on stars
such as S2. It also shows that stars in the cusp will lose the characteristics
of their original orbits on time scales smaller than the lifetime of stars as
massive as S2.

As for the general shape of the probability plots, the mean time between
encounters that cause a certain deflection will be very short for a cusp
that is composed of low-mass objects. With increasing mass of the cusp
particles, the frequency of encounters will decrease. However, the strength
of the interactions will increase at the same time. This causes eventually
the turnover of the curve at mge at about 15 Mg (see bottom panel in
Fig. 3.8).

3.7.6 Constraints from non-Keplerian Orbits

In order to determine the central mass and the orbital parameters of the
star 82, its positions and radial velocity data have been fitted with Keple-
rian orbits. The observational data, however, also clearly show that Sgr A*
resides in a ~1” diameter stellar cluster of a priori unknown mass (see
section 3.6.3). This implies that the proper spherical potential is neither
Keplerian nor harmonic. In such a potential the orbits of stars will pre-
cess and result in rosetta shaped trajectories in projection on the sky. As
Mouawad et al. (2004) have pointed out, the assumption of non-Keplerian
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orbits is a more physical approach in this case. This approach also allows
one to derive information on the cusp mass and mass of the central black
hole without making preliminary assumptions on the orbits of stars.

Their paper presents the first exemplary modeling efforts in this direc-
tion. In addition to the solution of a 3.7x10°Mg, black hole with insignifi-
cant cusp mass, Mouawad et al. (2004) obtain fits of similarly low x? for a
total (MBH plus cusp) mass of 4.1x10M¢, with a ~10% extended compo-
nent and 4.8x10°Mg, total mass with a ~25% extended component. Total
masses above ~5x105Mg, can be excluded as they are in conflict with en-
closed mass estimates at larger radii. It is, however, unlikely that such a
large extended mass is composed of sub-solar mass constituents. Such a
cluster would very likely be dynamically unstable. A 10% cusp mass could
be explained rather well by a cluster of high M/L stellar remnants (e.g.
massive stellar black holes etc). Mouawad et al. (2004) show that this can
lead to a stable stable cusp configuration.

For the detailed investigation presented in Mouawad et al. (2004) the
authors make use of a realistic description of the potential in which the
stars are orbiting both the massive black hole at the very center and the
extended stellar cusp. Some of the resulting orbits are shown in Fig. 3.9.
Genzel et al. (2003b) fitted a broken power-law to their stellar counts, with
a distinct break at 10 arcsec. Mouawad et al. (2004) show that it is also
possible to fit the number density counts with a superposition of several
Plummer models (see section 3.6.1). A decomposition using such functions
has the advantage of being easily analytically integrable. Plummer models
resemble density profiles of actual star clusters with compact cores and an
extended outer envelope (Spitzer 1998). In such a decomposition the three-
dimensional radial density distribution p(r) and the projected mass density
o(r) are described by:

3M 1
p(r) = 3.39)
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and (3.40)
4p(0){rco're 1
o(r) = 3 T (3.41)
' (3.42)

where 7., is the core radius and M the total mass.
The best surface density fit to the data presented by Mouawad et al.
(2004) consists of a superposition of 6 different Plummer models, which will
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Fig. 3.9 Three exemplary orbits determined by Mouawad et al. (2004). Upper left
panel: Keplerian orbit with 3.65x10°Mg point mass. Upper middle panel, non-
Keplerian orbits with 4.1x108Mg total mass, thereof 10% extended. Upper right panel:
non-Keplerian orbits with 4.8x10°Mg, total mass, thereof 25% extended. Here the cen-
tral mass is at the offset position, 0.082 mpc east and 0.112 mpc south from the nominal
radio position of Sgr A* (Schédel et al. 2003). The lower panels show the corresponding
velocities as a function of relative R.A, the relative Dec., and along the line-of-sight as
a function of time for the case of 4.1x10°Mg total central mass with a 10% extended
component. The direction of A, the pericenter-shift, is shown by an arrow. See also
color Fig. A.13.

be termed in the following as “composite model”:

o(r) = Z ——)2. (3.43)

(r2 +r?)

One can refer to the “inner cusp” as the innermost Plummer model
with a core radius r; = 15.5mpc 22 0.4”. The combination of the five outer-
most components gives a similar configuration as the flattened isothermal
sphere of core radius ~0.3 pc derived by Genzel et al. (2003). The mass
distribution of the “composite model” is given by
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Mi’f'3
M(r) = Z G (3.44)
i=1 K

This equation can be scaled and fitted to the dynamical mass estimates
as a function of distance from Sgr A* as determined,e.g. by Genzel et al.
(1996). Such a fit is shown in Fig. 3.6.

The density of the cusp is a few hundred times larger than that of the
outer stellar cluster (see Fig. 3.6). The model implies density values as high
as 1.68x108 Mgpc— at 0.17, and 1.54x107 Mepce ™ at 17. These values
are comparable to the ones derived by Genzel at al. (2003) from a broken
power-law density profile (7x10® Mgpc=2 at 0.1”and 3x 107 Mepc™ at
1"). A future detailed analysis of a larger number of precisely measured
stellar orbits (compared to the one available for S2) will allow one to put
even stronger constraints on the amount of extended cusp mass.

3.8 The Central Black Hole

The measurement of stellar proper motions in the central cluster, their
combination with radial velocities, and especially the detection of orbits
in the small Sgr A* cluster has lead to a very reliable measurement of a
compact dark mass of M = 3.6 x 106 M. From upper limits on the proper
motion of Sgr A* (measured with radio interferometry) mass densities of
more than 3x10'® Mg pe (e.g. Schodel et al. 2003) or even as high as
8x 102 Mg pc™ can be derived (in the latter estimate all of the enclosed
mass was associated with the <1.2x10'2 cm Sgr A* radio source Bower
et al. 2004). Such a compact mass can only exist in the form of a black
hole. No stellar cluster of such a mass and mass density can be stable.
Also the detection of a variable source at near-infrared and X-ray wave-
lengths right at the position of Sgr A* is consistent with the presence of a
mass accreting black hole. However, the very weak quasi-quiescent and the
stronger flare emission from Sgr A* cannot be explained with scaled ver-
sions of standard accretion disk models. Current models invoked to explain
the luminosity and spectral energy distribution of Sgr A* combine a very
low mass accretion rate with a radiatively inefficient accretion flow. In the
following sections we will summarize results from recent modeling attempts
that are mostly suitable to explain the quasi-quiescent emission of Sgr A*.
For an overview of some recent models see, e.g. Melia & Falcke (2001) or
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Quataert (2003).

3.8.1 Standard Accretion Theory

Interstellar gas in the environment of a black hole will accumulate at the
bottom of the gravitational potential well and eventually be accreted onto
the central object. Due to the compactness of a black hole, the gas will
be strongly compressed during this process. Potential energy of the gas is
converted into kinetic energy and dissipation will lead to additional heating
of the accreted gas. A certain part of this energy will be radiated away
before the material vanishes behind the event horizon. A convenient way
to describe accretion and emission of a black hole is the so-called Eddington
limit. The Eddington limit on the luminosity L of an object of mass M is
set by the balance of gravity and radiation pressure in the object’s envelope
in the case of spherical accretion. At a distance r from the center of the
object the energy flux is

__L (3.45)

4rr2’

For each electron this corresponds to a force of o,f/c, where o; is the
Thomson cross section. If the envelope is bound to the object the radiation
pressure is balanced by gravity. For one proton with mass m,, per electron
in the fully ionized material of the envelope, the balance condition is

UtL _ GMmp
dwer? 12

, (3.46)

and the corresponding luminosity is called the Eddington luminosity L rqq

4rGMmpe  4mcGM

(3.47)
Ot K

LEgdd =
With ¢;,=6.65x10"2% ¢m? and mp:1.67><10_24 g the opacity & due to
electron scattering is

k=2t =04 em?g™t. (3.48)

Mp
The rate M at which material is accreted at the Eddington luminosity L ggq
is M Bdd- LEdq is the maximal luminosity for the case of spherical infall of
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matter onto a non-rotating black hole. Generally, the accreted gas has a
certain angular momentum and will therefore be preferentially accreted in
a rotating disk, where it will lose angular momentum due to friction and
gradually fall toward the event horizon.

Narayan et al. (1998) consider a black hole of m solar masses Mg

accreting at a rate

M = 1 Mpag. (3.50)

mh is then the accretion rate expressed in Eddington units Mpqq, the accre-
tion rate at the Eddington luminosity L ggq4:

M _ LEdd :4’/TG(M/M@) (3 51)
BT ey Tef fhiC '

resulting in an accretion rate of
y 18, —1 g M -1
Mgaqg =139 x 10°°¢ s7" =2.21 x 10 (M—)M@yr , (3.52)
©

for ness = 0.1, (Narayan & Yi 1995). Since not all the accreted mass is
converted into electromagnetic energy, the factor 7.y is needed to describe
the efficiency of the conversion. Here 7.57=0.1 is the accretion efficiency
nominally assumed in the case of high density accretion in thin disks (see
e.g. Shakura & Sunyaev 1973).

3.8.2 The Low Luminosity of Sgr A*

There are two ways to estimate the mass accretion rate onto the black hole
Sgr A*: from (a) the gas available near the bottom of the potential well
and from (b) the measured luminosity of Sgr A* across the electromagnetic
spectrum. This comparison is preferentially done in Eddington units.
Stellar winds from surrounding hot, massive He-stars appear to be the
primary source of mass available for accretion. The Sgr A* source is located
within the central cluster of hot He-stars with winds of the order of 1000
km/s and individual mass loss rates of a few times 1075 Mg /yr. These
winds supply about 1073 Mg yr—! to the central parsec of the Galactic
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Center (e.g. Najarro et al. 1997; Melia & Coker 1999; Quataert 2004). The
maximum possible accretion rate onto Sgr A* due to this wind was esti-
mated as M ~ 2x10™* Mg /yr Coker & Melia (see e.g. 1997); Quataert
(see e.g. 2003). With Eq. (3.52) this corresponds to an accretion rate in
Eddington units of 7 &~ 1 x 1073 for a 3 — 4 x 10° Mg black hole.

The accretion rate can also be estimated via predicted luminosities.
The recent near-infrared identification of Sgr A* results in a de-reddened
flux density for the quiescent state of the order 2 mJy at a wavelength of
2.2 ym. This gives a specific luminosity L, of 1.5x10%° erg s 'Hz~! and a
luminosity of L = vL,=2.1x103% erg s~1. This corresponds to an efficiency
for the conversion of mass into electromagnetic energy n ~ 1078 — 10~7.

Since the luminosity of Sgr A* is wavelength dependent this is a very
rough estimate. A more refined analysis with the aid of modeling by
Narayan et al. (1998), arrives at a bolometric luminosity Lpo; integrated
over all frequencies of only ~2.1x10%erg s~'. This corresponds to a radi-
ation efficiency of

n=-—"2_=5x10"° (3.53)

This has to be compared to the radiation efficiency of 10% that is nom-
inally assumed in the case of high density accretion. For the estimated
accretion rate of the Galactic Center this much larger efficiency would im-
ply bolometric luminosities of L~ 0.1 x Mpgac? =~ 4% 10%3erg s™! — a factor
about 107 higher than what is observed.

3.8.3 Radiatively Inefficient Accretion Flow Models

The extremely low luminosity of Sgr A* at all wavelengths was initially a
surprise because it was not expected for a black hole of 3 — 4 x 106 M,
However, one has to keep in mind that — in the context of galactic nuclei
— initially the theories for accretion onto black holes were developed from
observations of extremely energetic AGN, where the mass accretion rate is
comparably large. From observations of the linear polarization of the radia-
tion from Sgr A* at sub-millimeter wavelengths, however, it was estimated
that it does not accrete more than M10~7 Mg yr—! (Aitken et al. 2000;
Bower et al. 2003).

However, even with this low accretion rate , the luminosity of Sgr A*
should be several orders of magnitude higher than what is observed at all



Astrophysical Results 203

wavelengths. It appears that at such low accretion rates, one has to develop
a modified theory of accretion that can explain the extremely low radiative
efficiency of the gas flow near Sgr A*.

It is the low radiation efficiency of the models of a Radiatively Inefficient
Accretion Flow (RIAF, for a brief overview see Quataert 2003) that allows
one to fit the observed spectral energy distribution despite the apparently
too large mass accretion rate onto the 3-4x10° Mg, black hole. Current
physical models cover a broad range of scenarios (see e.g. Quataert 2003;
Yuan et al. 2003, for the definitions of abbreviations see following para-
graph), such as ADAFs (e.g. Narayan et al. 1995; Yuan et al. 2002), CDAFs
(see Ball et al. 2001), ADIOS (Blandford & Begelman 1999), including jet
models (Falcke & Markoff 2000), as well as Bondi-Hoyle models (Melia &
Falcke 2001), and quasi-monoenergetic electron distributions (Beckert &
Duschl 1997). Combinations of models such as a RIAF plus a jet are also
discussed (e.g. Yuan et al. 2002). Here we summarize some of the essential
properties of the different models that are under consideration.

In a purely radial (Bondi-Hoyle) or a low density, non-radial flow most
of the rest mass energy of the accretion flow can be advected into the black
hole, rather than being radiated away (e.g. Rees et al. 1982; Melia 1992;
Melia & Falcke 2001). In this case more than 99.9% of the energy in the
accretion flow plasma is carried into the black hole by the ions and less
than 0.1% is radiated away by the electrons, that — compared to the ions
— can cool more efficiently at distances below 100 Schwarzschild radii (see
Fig. 2 in Narayan et al. 1995).

The Advection Dominated Accretion Flow Model (ADAF) (e.g. Narayan
et al. 1995, and references therein) was proposed as one of the first RIAFs
and was described in an early, qualitative discussion by Rees et al. (1982).
In an ADAF, the gas accretes on the very short free-fall time scales, and
the gravitational energy of the accreting gas is stored as thermal energy
and advected into the central black hole. Here the accreted plasma is
treated as a two temperature plasma, in which the electrons are Coulomb
coupled with the protons. The electrons, which can cool efficiently by
radiation carry only a small portion of the energy, since their mass is about
2000 times smaller than the proton mass. The protons radiate less, stay
hot, and carry most of their energy beyond the event horizon of the black
hole. This advection process works efficiently if the free-fall timescale is
short compared to the cooling timescale. In contrast to this scenario, if
a “proper” (viscose, luminous) aceretion disk is formed the matter that is
available for accretion resides a sufficiently long time in the disk for cooling
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the flow efficiently.

Observations of linear polarization from Sgr A* in the sub-millimeter
regime by Aitken et al. (2000) and Bower et al. (2003) suggest that the rate
of mass that effectively accretes onto Sgr A* is lower than 1077 Mg yr~!.
This is much lower than the gas densities expected from Bondi-Hoyle and
ADAF scenarios and makes the latter models unlikely. Also, the observa-
tions of the intrinsic size of Sgr A* by Bower et al. (2004) agree well with
the predictions of a jet model and contradict predictions of thermal, high
accretion rate models such as Bondi-Hoyle accretion or ADAFs.

A model in which the gas close to the black hole may react on somewhat
longer timescales and thus may be able to explain radiatively inefficient ac-
cretion onto a black hole is the convection-dominated accretion flow models
(CDAF, Ball et al. 2001). In this model angular momentum is transported
inward and energy is transported outward by long-wavelength convective
fluctuations that determine the structure of the accretion flow.

Theoretical concerns about the assumptions used in the ADAF theory
led Blandford & Begelman (1999) to develop their Advection-Dominated
Inflow-Outflow Solution (ADIOS). They propose that only a small fraction
of the gas that falls toward the black hole is actually accreted by it. Because
of the energy released by this process the remaining gas is no longer bound
and driven away in the form of a strong wind. In the ADIOS model, the
dependency of the gas density on the distance from the black hole scales
as p o 7 3/24P with p ~ 0.5 — 1. Hence, the densities near the black hole
are lower than in ADAF or Bondi-Hoyle models that predict a dependency
p o r~3/2 characteristic for spherical accretion.

This model can explain how the increase in gas density toward Sgr A*
can be much shallower than in Bondi-Hoyle or ADAF scenarios, thus de-
livering an explanation for the very low observed accretion rates.

Falcke & Markoff (2000) propose that the emission from Sgr A* arises
primarily in a jet. Yuan et al. (2002) developed a jet plus accretion disk
model to explain the emission from Sgr A*. In their model the accretion
flow is described as an ADAF fed by Bondi-Hoyle accretion of hot plasma.
A small fraction of the accretion flow is ejected near the black hole as a
short, luminous jet. The electron temperatures obtained in these models
are higher than the highest temperature reached in standard ADAF mod-
els. The emergent spectrum of Sgr A* is the sum of the emission from
jet and underlying ADAF. The strong synchrotron self-Compton radiation
from the jet can dominate the Bremsstrahlung from the ADAF. With in-
creasing distance from Sgr A* the plasma in the jet becomes optically thin
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at ever longer wavelengths. Hence, radiation at different radio wavelengths
probes different sections of the jet. Emission at sub-millimeter wavelengths
arises at the smallest scales, at the foot of the jet at distances of a few
Schwarzschild radii from the black hole. This is a common feature of most
models. In the immediate vicinity of the black hole it is hard to distinguish
between emission from an accretion flow and from the foot of a jet. It is
very difficult to observe a hypothetical jet because the size of the Sgr A*
radio source increases quadratically with wavelength because of interstellar
scattering. However, recently Bower et al. (2004) determined the intrinsic
size of Sgr A* using mm-VLBI and closure amplitudes.

The current models predict the spectra from the radio to the ~-
ray (Fig. 3.10) domain where the radiation is due to synchrotron radia-
tion (radio to infrared), inverse Compton scattering (infrared to X-ray),
bremsstrahlung (X-ray), and possibly pion production above 100 MeV at
the highest energies. In most of the models the predicted near-infrared
luminosity is produced by the exponential high-energy tail of sub-mm syn-
chrotron radiation or by Compton up-scattered radio synchrotron radiation.
Usually, for a given black hole mass M the spectrum of the accretion flow
is mainly dependent on a single parameter — namely the mass accretion
m. Changes in the mass accretion rate i will most likely also result in a
variable luminosity. A large variability is mostly expected in the infrared.
For instance changing i in the ADAF model by a factor of four changes the
infrared luminosity by several orders of magnitude (see Narayan et al. 1998,
Fig. 3b). Models may also involve shocks in the accretion flow (Melia &
Falcke 2001, and references therein) or a quasi monoenergetic synchrotron
spectrum (Beckert et al. 1996).

The RIAF models are only well suited to explain the quiescent emission
of Sgr A*. Recent observational results have shown that the bulk of the
quiescent X-ray emission arises in an extended ~0.6 arcsec diameter compo-
nent, while the NIR quiescent emission is compact and probably unresolved
in a ~50 milli-arcsecond beam of a 8-10m class telescope. In summary, cur-
rent models can explain the sub-luminous radiation from Sgr A* despite the
expected fairly large mass accretion rate expected from stellar winds of the
surrounding cluster. High angular resolution and time coordinated obser-
vations at a wide range of frequencies are required to distinguish between
the individual models. Possibly, the emission from Sgr A* arises through
a combination of models such as a RIAF plus a jet, similar to the scenario
of Yuan et al. (2002).

TFigure 3.10 summarizes the radio to X-ray spectral energy distribution
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Fig. 3.10 Comparison between model calculations and the luminosity of Sgr A* mea-
sured at different wavelengths and in different states. At X-ray and NIR wavelengths:
flaring and quasi-quiescent measurements are indicated (see also Genzel et al. 2003a).
This plot shows the extinction and absorption corrected luminosities #L, (energy emit-
ted per logarithmic energy interval), with the observed flux density S, = L./4nD?,
where D = 7.94 pc is the GC distance. Black triangles denote the average radio spec-
trum of Sgr A* and open grey circles mark various infrared upper limits from literature
— see Melia & Falcke (2001) and references therein. The three X-ray data ranges are
(from bottom to top) the quiescent state as determined with Chandra (black; Baganoff
et al. 2003), the autumn 2000 Chandra. flare (red; Baganoff et al. 2001), and the autumn
2002 flare observed by XMM (light blue; Porquet et al. 2003). Open red squares with
crosses mark the de-reddened peak emission (minus quiescent emission) of the four ini-
tially detected NIR flares (Genzel et al. 2003a). Open blue circles mark the de-reddened
H, ¥, and L luminosities of the quiescent state, derived from the local background sub-
tracted flux density of the point source at the position at Sgr A*, thus eliminating the
contribution from extended, diffuse light due to the stellar cusp around Sgr A*. The
thick green solid curve is the jet-starved disk model by Yuan et al. (2002). The red
long dash-short dash curve is a radiative inefficient accretion flow (RIAF) model of the
quiescent emission, where in addition to the thermal electron population of Yuan et al.
(2002) 1.5% of the electrons have a non-thermal power-law energy spectrum of exponent
p = —3.5 (Yuan et al. 2003). The black thin solid curve is a RIAF model of the flares
with 5.5% of the electrons in a power-law of p = —1 (Yuan et al. 2003) The long-dash
thick (grey) curve is a RIAF flare model of the flare with a synchrotron-self Compton
component (Yuan et al. 2003). The short dashed thick (violet) lines show a typical re-
sult for a simple SSC spectrum produced by up-scattering of a power-law distribution
of sub-mm wavelength photons into the NIR and X-ray domain given by Eckart et al.
(2004a), who used the first simultaneous NIR/X-ray measurement of a Sgr A¥* flare for
this purpose. See also the larger color Fig. A.14,
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(SED) of the emission from Sgr A* for both quiescent state and flares. The
quiescent infrared flux densities lie approximately on the extrapolation of
the millimeter /sub-millimeter synchrotron emission to high energies, in ac-
cordance with a standard synchrotron SED (e.g. Liu & Melia 2001; Markoft
et al. 2001; Yuan et al. 2002). Current models with only a thermal pop-
ulation of electrons (Liu & Melia 2001; Yuan et al. 2002) under-predict
the infrared emission. Models with an additional power-law component
of energetic (v = E./mec? > 10%%), non-thermal electrons (Yuan et al.
2003) come closer to, but still under-predict the observed NIR flux densi-
ties. However, since Sgr A* was only very recently discovered in the NIR,
the data from this wavelength regime has not yet been fully taken into ac-
count in the modeling efforts and can probably be taken care of by small
modifications of the involved parameters. Extensive multi wavelength cam-
paigns are currently monitoring Sgr A* in the 2004 observation season and
will also be conducted in the following years. It can be expected that si-
multaneous measurements and in-band spectral indices (X-ray and NIR)
will help to obtain a consistent mode! of the emission from Sgr A*.

3.8.4 Sgr A* Flare Models

The large flares at X-ray and NIR wavelengths (Baganoff et al. 2001; Gen-
zel et al. 2003a; Porquet et al. 2003) added a new and important piece to
the puzzle of understanding the nature of gas accretion onto Sgr A*. The
discrepancy between the models for the steady-state or quasi-quiescent lu-
minosity from Sgr A* and the luminosity of the flares ranges from factors
< 10 in the NIR to more than 100 in the X-ray domain (see Fig. 3.10).

Markoff et al. (2001) discuss different models for the flare emission,
based on synchrotron or on synchrotron self-Compton emission (SSC). Al-
though they describe these models within the framework of their jet model,
they may be regarded as exemplary and applicable to other RIAF models
(e.g. Yuan et al. 2003; Quataert 2003):

The flare may arise from a short-term overall increase in mass accretion
onto Sgr A*. This would result in a significantly enhanced luminosity at
all wavelengths. However, Markoff et al. (2001) argue that this model is
unlikely because of the existing observations at radio wavelengths, where
Sgr A* has been monitored regularly for more than two decades and no
correspondingly large increase in energy output has ever been observed.

Second, some process in the accretion flow or jet may increase the elec-
tron temperature as well as induce a change of the density and/or magnetic
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field, for example through the conversion of magnetic energy into thermal
energy of the electrons by a process such as magnetic reconnection. In
combination with the SSC-process, this would result in a large simultane-
ous increase of emission at mid-infrared and radio wavelengths. This ap-
pears unlikely in the light of the observations, which show no large (> 10)
variability at these wavelengths (e.g. Hornstein et al. 2002; Eckart et al.
2003b; Schodel et al. 2003).

Markoff et al. (2001) call their third third model a “shock flare” or “ac-
celeration flare”. It involves processes {(e.g. Fermi acceleration or magnetic
reconnection) that accelerate a small fraction of the thermal electron pop-
ulation into a power-law tail of the electron distribution function. This
model does not cause a large change of emission at infrared and radio/mm
wavelengths, but can account for significant changes of the X-ray luminos-
ity. Since the cooling time of synchrotron losses is much shorter than the
observed length of the flares, this model requires repeated or continuous
acceleration of the electrons.

Flare models such as the ones of Markoff et al. (2001) and Yuan et al.
(2003) raise the idea that the flares from Sgr A* may involve the conversion
of magnetic energy into particle energy in the accretion flow. Such events
could be similar to solar flares, where magnetic reconnection accelerates the
coronal plasma.

Nayakshin et al. (2004} proposed that the flaring of Sgr A* may be
caused by stars passing through an inactive, fossil, cold accretion disk.
However, this scenario appears unlikely because it has problems explaining
the lack of a significant offset of the flare emission from the position of
Sgr A* and the significant temporal substructure of the flares (see e.g.
discussion in Eckart et al. 2004a).

In Fig. 3.10 we also show a simple SSC spectrum, based on the first
simultaneous NIR/X-ray measurement of a flare from Sgr A*, that was
produced by up-scattering of a power-law distribution of sub-mm wave-
length photons into the NIR and X-ray domain (Eckart et al. 2004a), using
the formalism given by Marscher (1983) and Gould (1979). Such a single
SSC component model may be too simplistic although it is considered as a
possibility in most of the recent modeling approaches. It does not take into
account possible deviations of the spectral indices at any specific wavelength
from the overall spectral index of the NIR to X-ray spectral index of 1.3.
Eckart et al. (2004a) find that Lorentz factors 7. for the emitting electrons
of the order of a few thousand are required to produce a sufficient SSC flux
in the observed X-ray domain. While relativistic bulk motion, described by
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the bulk Lorentz factor I, is not a necessity to produce sufficient SSC flux
density, Eckart et al. (2004a) have used modest values for I" since they will
to occur in case of relativistically orbiting gas as well as relativistic outflows
— both of which are likely to be relevant in the case of Sgr A*. The size
of the synchrotron component is assumed to be of the order of a few times
the Schwarzschild radius and a turnover frequency vy, of a few 100 GHz.
For a relativistic bulk motion with ['=1.2-2 and 6=I""1(1-Bcos¢) ' ranging
between 1.3 and 2.0 (i.e. angles ¢ between about 10° and 45°) the corre-
sponding magnetic field strengths are of the order of a few Gauss to about
20 Gauss, which is within the range of magnetic fields expected for RIAF
models (e.g. Markoff et al. 2001; Yuan et al. 2003; Quataert 2003; Narayan
et al. 2002, 2003).

It can be expected that polarization measurements and simultaneous
multi-wavelength observations in the immediate future will provide the nec-
essary constraint for choosing the appropriate model for the Sgr A* flares.
It may well be that different models may apply to the weak flares, where
the X-ray luminosity changes by factors < 10, and the much rarer strong
flares, where the X-ray luminosity increases by factors up to > 100. For
example, the first kind of flares could be related to magnetic reconnection
events, while the latter type may be related to individual enhanced accre-
tion events. One may also imagine that the true nature of the flares results
from a variable contribution from the different proposed mechanisms.

A flaring of Sgr A* could also be caused by a sudden enhancement of
accretion as suggested by Liu & Melia (2002). In that case, there might be
a significant contribution from bremsstrahlung to the spectrum of Sgr A*
at infrared to X-ray wavelengths. A problem of this model is the lack
of correspondingly large increases of emission at radio wavelengths (see
discussion in Markoff et al. 2001).

Although not based on simultaneous observations of the NIR flares at
different wavelengths, the data of Genzel et al. (2003a) initially suggested
that the flares may have a bluer color in the NIR compared to the quiescent
emission (Fig. 3.10). A flat to inverted spectrum in the infrared domain
would be consistent with a flaring by increased mass accretion as described
in the model of Liu & Melia (2002). Such a process is also not excluded by
the RIAF /jet models (see above). For the first simultaneous JHK measure-
ments which indicate red flare colors — consistent with theoretical models
— see a forthcoming paper of Eisenhauer et al..

Should a blue color of the NIR flares be confirmed in future observa-
tions, then the NIR radiation may be thermal bremsstrahlung or blackbody
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radiation from a component of moderately hot gas (temperatures in excess
of a few times 10® K). The flares could then be associated to individual
accretion events of very dense gas, with a total energy release of the order
> 10%95 erg. With a standard thin disk radiation efficiency (~ 10%), this
would correspond to a rest mass of a few times 10'° g, comparable in mass
to that of a comet or a small asteroid. However, what is actually being pro-
cessed are gaseous filaments out of the turbulent accretion stream due to the
high mass loss of the surrounding hot He-stars within the central cluster.
Because one would also expect a strong increase at radio/sub-millimeter
wavelengths in that case, this radiation would have to come from a jet or
else the optical thickness at these wavelengths would be very high.

3.8.5 A Spin Measurement of the Black Hole?

The above theories agree amongst each other on the basic physics of the
emission mechanisms involved in Sgr A¥, such as the importance of syn-
chrotron radiation, SSC, or the magnitude of gas densities and magnetic
fields. This means that by now we have a basic understanding of the phys-
ical processes that create the electromagnetic spectrum of Sgr A*. In this
and the following subsections we describe theoretical aspects which are less
certain, i.e. are still subject to considerable debate and await further ob-
servational confirmation. However, these topics are at the very center of
current investigation and will certainly become more tmportant in the near
Sfuture.

The light crossing time of the Schwarzschild radius of a 3.6 x 10° M,
black hole is just 35 seconds. The short rise-and-decay times of the NIR
flares thus are consistent with their origin in a region not larger than 10 R,
i.e. in the innermost accretion zone. Hence, they may provide information
on the conditions in the space immediately surrounding the event horizon
of the black hole.

For a creating black hole the most rapid variability of the emission
from the in-falling material in its immediate vicinity is expected to occur
close to the marginally stable (circular) orbit, 7,,s(a) (see Bardeen et al.
1972), where a = J/M is the black hole’s angular momentum parameter.
This orbit has a radius ry5{a = 0) = 3rg for a Schwarzschild black hole,
in which the spin parameter a = 0. The situation changes, however, if
the black hole is rotating (Melia et al. 2001; Melia & Falcke 2001). For a
maximally rotating object the spin parameter is a = rg = GM/c?. In that
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case the location of the innermost stable orbit is strongly influenced by the
relative orientation of the spin angular momentum vector of the accretor,
i.e. the black hole, and that of the in-falling material. There are three
simple cases that can be considered to illustrate the situation. For prograde
(+) orbiting material the angular momentum vector on the in-falling matter
and the black hole have the same direction and the marginally stable orbit
is rms(a = rq,+) = rg. For a retrograde (-) marginally stable orbit one
finds a radius of rys(a =7¢,—) = 9r¢g.

Kepler's third law for circular equatorial orbits in the Kerr metric shows
how 7,,s and the Q are coupled:

2 c 7“1/2
==t .04
. P irl/z +a ré/Q (3:54)

For these three cases the most rapid fluctuations associated with the
3.6x105M, Sgr A* black hole are expected to have the following extreme
orbital periods: Ppin{a = rg,+) ~ 3.7 minutes , Ppin(a = g, —) ~ 51.8
minutes, and Ppin(a = 0) ~27.2 minutes. Therefore, depending on its
black hole spin, the emission from Sgr A* is expected to show variations
on timescales between 4 and 60 minutes.

Gengzel et al. (2003a) reported an intriguing 17 min quasi-periodicity
that they observed in two flares. This time-scale was not reported in other
near-infrared flares because of either the lack of temporal resolution, or an
insufficient coverage of the event. Genzel et al. (2003a) argued that the
fact that the two flares with the 17 min periodicity were observed more
than 24 h apart, strongly suggests that the periodicity may be a repeatedly
occurring feature.

As for possible frequencies in the accretion zone of the supermassive
black hole (see also following section), acoustic waves in a thin disk (Nowak
et al. 1997), Lense-Thirring or orbital node precession are too slow for
explaining the short modulation of the flares (Bardeen et al. 1972). The
following considerations involve in principle a thin disk. No strong case can
be made for the permanent presence of a thin disk near the event horizon.
However, one may speculate on the presence of such a structure at least as
a transient phenomenon.

For these reasons, Genzel et al. (2003a) argued that the 17 min peri-
odicity is the relativistic modulation of the emission of gas orbiting in a
prograde disk just outside the last stable orbit (L.SO) of a spinning (Kerr)
black hole. The period of a non-spinning black hole of 3.6 x 10% Mg
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is 27 min. Therefore, because the LSO has a smaller radius for a spin-
ning (Kerr) black hole, Genzel et al. (2003a) determined a spin parameter
a = 0.52(£0.1, £0.08, £0.08), where G is the gravitational constant, Mgy
the mass of the black hole, J its spin, and c the speed of light. The errors in
brackets include the influence of the uncertainties of Mgy, the flare modu-
lation frequency, and the distance to the GC. The observed spin parameter
corresponds to half the maximum value for a Kerr black hole.

Genzel et al. (2003a) also reported on a possible — although less firmly
established — detection of a 25-30 min quasi-periodicity of the quiescent
emission from Sgr A*. Periodicities in the emission from Sgr A* can provide
unique insights into the physics of the black hole and the accretion flow as
will be further discussed in the following section. Therefore one of the most
intriguing questions is whether future observations can confirm the reported
modulation frequencies of the emission from Sgr A*.

3.8.6 Gravitational Disk Modes

The accretion of matter onto Sgr A* may occur through — perhaps just
temporarily present — disks. Different parts of the disk may be luminous at
different times and the disk itself may exhibit characteristic oscillations (e.g.
Nowak & Lehr 1998). Under these circumstances the overall time dependent
energy output of the accreting system may be related to the time varying
properties of such a disk structure. Aschenbach et al. (2004) have analyzed
the two brightest X-ray flares from the X-ray counterpart of Sgr A* one
of which was observed by XMM-Newton (Porquet et al. 2003) and the
other one by Chandra (Baganoff et al. 2001} and compared their results
to the NIR flare events reported by Genzel et al. (2003a). The authors
identified quasi-periodic frequencies they discovered in the X-ray flares with
those expected characteristic gravitational cyclic modes associated with
accretion disks. Predominantly dependent upon fundamental gravitational
frequencies there are four cyclic modes. For thin disks they are not strongly
affected by hydrodynamic processes. It is still unclear in how far they are
responsible for quasi-periodic changes of the energy output at the same
frequencies (e.g. Nowak & Lehr 1998).

The circular frequencies of four gravitational cyclic modes associated
with black hole accretion disks are given in Nowak & Lehr (1998) and
Merloni et al. (1999). They are the Kepler frequency (§2k), the disk per-
turbation frequencies in vertical and radial direction called vertical (2v)
and radial (Qr) epicyclic frequency and the Lense-Thirring precession fre-
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quency (Qrr). Each frequency depends on the central mass M, the angular
momentum a and the radial distance r from the center. In the notation
by Aschenbach et al. (2004) (c=G=1, physical length scales given in units
of GM/c? and angular frequencies © in units of ¢3/GM) the corresponding
equations can be written as:

Qg = (2 +a)7! (3.55)
5 9 4a  3a?
O =0 (1- 55+ 5) (3.56)
6 8Sa  3a?
2 _ 02
QR_QK (1*;—%7?/2‘7) (357)
QLT = QK — QV . (358)

These equations show how the angular frequencies depend on radius
and angular momentum. As shown by Egs. (3.55) to (3.58) the Kepler
frequency 2k decreases monotonically with increasing r. For a fixed angular
momentum a, both Qy and Qg initially rise with r, go through a maximum
and then decrease with increasing r. The vertical epicyclic frequency Qv
reaches its maximum at a radial distance denoted by 7 = rymax and the
radial epicyclic frequency Qg takes its maximum value at a distance denoted
by 7 = r'Rmax- For fixed values of radius r and angular momentum a one
finds Qx > Qv > Qg. This demonstrates that the shortest period is given
by the Kepler frequency Qx at the smallest possible radius 7.

Given the frequencies identified in Sgr A* flare data as they were avail-
able until the beginning of 2004, Aschenbach et al. (2004) showed that the
four relations for My versus (1 — a) following from Egs. (3.55) to (3.58)
result in a common value of Mgy and a. The best-fit solution is given by
Mgy = 2.72ﬁ8:£ x 108Mg and a = ().99391“8:8832. The errors reflect the
maximal possible uncertainty given by the maximal uncertainties of the
period determination.

In a more recent analysis, Aschenbach (2004) examine 3:2 and 3:1 twin
high-frequency quasi-periodic oscillations (QPO) of three microquasars and
of Sgr A*. Here it should be mentioned that QPOs have been observed in
X-ray binaries for more than two decades (see e.g. review by McClintock
& Remillard 2003), and are still subject to highly controversial debate. In
the QPO-based interpretation of Sgr A* flares by Aschenbach (2004), there
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are two orbits at which the vertical and radial epicyclic oscillations are in
a 3:2 or 3:1 resonance. Requiring commensurability of these two orbits, i.e.
QK (orbita:1) = 1 X Qg (orbits:2), With n a natural number, they find that
for n = 3 there exists a unique solution for the angular momentum, and
the radii of the two orbits. With this method, the mass of a black hole
that shows QPOs can be calculated conveniently. With the new theory,
they find a mass of 3.28 + 0.13 x 108 Mufor Sgr A*, which is in better
agreement with the masses determined through dynamical measurements
(see above). If the method suggested by Aschenbach (2004) is confirmed,
the independent mass measurement will allow constraining this parameter
in orbital fits, thereby reducing significantly the uncertainty of the distance
to Sgr A*.

The high value of a~1 means that the emission from the inner parts of
the accretion disk is quite close to the black hole and probably originates
on the last marginally stable orbit at a distance from Sgr A* of a few light
seconds. Light contributions from further in are very likely to disappear
in a very short time and probably do not contribute significantly in this
model.

It is currently unclear which value the spin parameter actually has. If
the high value of a=0.996 of Aschenbach (2004) is correct then the quasi
periodic frequency observed in the previously described NIR flares is well
above the Keplerian orbital frequency and must be identified with a lower
frequency orbital mode. However, it should be noted that in the case of Kerr
black holes with extreme spin, theory indicates that spin-down effects may
be important (De Villiers et al. 2003). In that case lower spin parameters
would be expected. Very high values of ¢ would also be expected with the
presence of a strong jet, which is not observed in Sgr A* (e.g. De Villiers
et al. 2003).

The black hole mass Mpg derived from the analysis of the gravitational
disk modes is consistent with the Schodel et al. (2002) measurement at
their 1 o level (Mg = 3.74+1.5 x 10°Mg) and it also agrees with Ghez
et al. (2003b) (Mpn = 4.07+£0.62 x 10°My) at their 20 level, under the
assumption of a distance to the center of 8 kpc. Earlier mass estimates
derived from statistical ensembles of stars determined Mgy to 2.5 - 3.0
x 10°Mg, from measurements of dark matter concentration in the central
parsec of the Milky Way (see Fig.3.4, and also, e.g. Genzel et al. 1996,
2000). These estimates match the results presented by Aschenbach et al.
(2004) best.
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3.8.7 Imaging the Event Horizon of Sgr A*

Falcke et al. (2000) present a method that may allow us — in the near
future — to show the existence of a massive black hole at the center of
the Milky Way by direct radio interferometric imaging of the accretion
flow. They outline that, to a distant observer, the event horizon will cast a
relatively large “shadow” with an apparent diameter of ~10 gravitational
radii r¢ = GM/c?. That shadow is due to the bending of light by the
black hole, and is almost independent of the black hole spin or orientation.
The predicted size of that feature of ~30 pas for Sgr A* approaches the
resolution of current radio interferometers that operate at short millimeter
wavelengths. Falcke et al. (2000) show that if the black hole is spinning
at maximum and viewed edge-on, then the shadow will be offset by a few
pas from the center of mass and will be slightly flattened on one side.
Taking into account that the image of the shadow will be broadened by
scattering in the interstellar medium and that the achievable resolution of
the interferometer is finite, the authors show that the shadow of Sgr A*
may be observable with very long baseline interferometry (VLBI) at sub-
millimeter wavelengths, which is technically not yet possible. However, this
is assuming that the accretion flow is optically thin in this region of the
spectrum. Since our current knowledge of the accretion process indicates
that this is indeed the fact, there exists a realistic chance of imaging the
event horizon of a black hole within the next decade.

3.9 Comparison to Nuclei of Other Galaxies

We can now compare the lower limits on the density of the central dark
mass as obtained by different analyses. Observations of high velocity stars
and of individual orbits near Sgr A* constrain the central mass density
to values > 10'® Mg pe™3. Even tighter constraints on the mass density
come from the proper motion of Sgr A* compared to the velocities in the
surrounding star cluster, if one assumes in addition that the size of the
dark mass is given by the millimeter radio measurements of Sgr A* (see
Rogers et al. 1994; Krichbaum et al. 1998; Backer & Sramek 1999; Reid
et al. 1999; Doeleman et al. 2001; Reid et al. 2003b; Bower et al. 2004).
These constraints result in a mass density of 101°72% My pc=3. This limits
the lifetime of a hypothetical cluster of dark stellar remnants to less than
10° yr (see Fig. 3.5; Maoz 1998). The mass densities have to be compared
to the Schwarzschild density, which is the black hole mass divided by the
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Fig. 3.11 Tlustration of the size scales near Sgr A* as probed by different observations.
Left panel: Stellar Dynamics, especially the orbits of individual stars, probe the grav-
itational potential on the scale of several light hours to several light days (= 1.2 light
days correspond to one mpc). Indicated are the core radii of hypothetical dense clusters
(Plummer models): a cluster of 3 Mg black holes with a life time of 107 yr, marked
by a dashed line, and a dark cluster that could marginally fit the gravitational potential
as constrained by the orbit of S2. The latter cluster, marked by a dotted line, would
have a life time of less than 10% yr. The radius of a neutrino ball composed of degen-
erate 17 keV neutrinos is indicated by a circle with a straight line. All these models
are excluded by the observed orbit of S2 and the requirement that a given configuration
should have a life time comparable to the life time of the galaxy. Right panel: radio
observations and observations of the variability of the X-ray/NIR emission from Sgr A*
can probe even smaller scales. Indicated are the size constraints due to the duration of
the observed X-ray and NIR flares with a duration of the order 60 min (outer circle,
marked by “flares:duration”), the size inferred from 7 mm interferometry (Bower et al.
2004), the size limit imposed by the variability (rise-and-fall time, Tyay) time of the
flares (dotted line), and the Schwarzschild radius, Rg, of a 3.6 X 108 Mg black hole.

volume of the Schwarzschild sphere. For a 3x10%Mg black hole we then
get a mass density of 9x10%°Mg pc=3. Alternative models like a fermion
ball or a boson star (Torres et al. 2000) can be largely ruled out and are not
very likely (see section 3.5). A tight binary black hole with a separation of
less than 10 light hours and a similar total mass can also be largely ruled
out (see discussions in Schodel et al. 2002, 2003). In summary, current
models and measurements suggest very compellingly that the central dark
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mass concentration at the center of the Milky Way is present in the form
of a single supermassive black hole.

In Fig. 3.11 we show the size constraints on the extent of the observed
dark mass at the position of Sgr A*: the orbit of the star S2 requires
a dark mass of 3.6 & 0.3 x 10° M, to be present in a volume of radius
< 0.6 mpc (assuming a distance of 8 kpc; Eisenhauer et al. 2003b) and
excludes a cluster of dark astrophysical objects as an explanation for the
dark mass at the center of the GC. When considering only the size of Sgr A*,
radio interferometry and the variability of the NIR and X-ray emission from
Sgr A* place even tighter limits, constraining its size to a few astronomical
units or a few tens of Schwarzschild radii (for a 3 —4 x 10 M BH).

As summarized in the review by Kormendy & Richstone (1995) the
dynamic evidence for large central mass concentrations in galactic nuclei
has been growing dramatically over the past decade. The stellar kinematics
in elliptical galaxies and central bulges (e.g. Bacon et al. 1994; Bender et al.
1996; Kormendy et al. 1996b,a, 1997; van der Marel et al. 1997; van der
Marel & van den Bosch 1998), the HoO maser kinematics in the nearby
galaxy NGC 4258 (Greenhill et al. 1995b; Miyoshi et al. 1995) and the He
kinematics in M87 (Ford et al. 1994; Harms et al. 1994) suggest the presence
of central dark masses in the range from about 3x10% Mg, in M32 to 3x10°
Mg in M87. Figure 3.11 summarizes the minimum inferred mass densities
of the different objects.

From the inferred mass densities and M/L ratios it is clear that almost
all cases require unusually dense, and probably unrealistic concentrations of
stellar remnants or very low mass stars. M31 (Bacon et al. 1994) and M32
(Bender et al. 1996; van der Marel et al. 1997) are at or above the limits of
stable neutron star clusters. The maser disk in NGC 4258 and the Galactic
Center stellar dynamics require dark mass concentrations well in excess of
10° Mg pc~2 which can only be explained by a compact cluster of stellar
black holes or a single supermassive black hole. The best extragalactic case
for a central massive black hole is NGC 4258 (Fig. 3.5). For this source the
radio interferometrically measured H5O maser velocities can be fitted by a
Kepler rotation curve down to a scale of ~0.1 pc (Herrnstein et al. 1998).
The implied mass densities are between 10! and 10?2 Mg pc—? (Maoz
1995), close to the estimate for the Galactic Center. As for the Galactic
Center, stable dark clusters of neutron stars and stellar black holes at that
density can be ruled out. This then leads to the conclusion that most of
the dark mass in at least these two objects (i.e. Sgr A* and the nucleus of
NGC 4258) must be in form of a (single) massive black hole.
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3.10 Massive Black Holes at High Redshifts

An early detailed study of compact dark masses at the centers of ex-
ternal galaxies was given by Kormendy & Richstone (1995). Comparing
the derived black hole masses with the luminosities and luminosity based
masses revealed a correlation between both quantities (Magorrian et al.
1998) which implied that the massive black hole (MBH) mass amounts to
0.6% of the bulge mass.

This value did not remain undisputed. A thorough three-dimensional
modeling of HST data by Ho (1999) gave an about three times smaller
value of 0.2%. An independent derivation of the black hole masses via
reverberation mapping (Ho 1999; Wandel 1999) of the broad line regions of
active galaxies indicated that the black hole masses in Seyfert galaxies and
PG QSOs may be 5 to 20 times smaller than in more active QSO nuclei.

Most of the discrepancies in the black hole to bulge mass or luminosity
relation may have emerged due to the uncertainties in the derivation of the
bulge properties. As shown by Ferrarese & Merritt (2000), Gebhardt et al.
(2000) and others the relation between the black hole mass and the stellar
velocity dispersion o, of the bulge resulted in a much tighter correlation.
This result can probably be explained by the fact that the stellar velocity
dispersion traces the stellar mass of the bulge in a more reliable way than
the bulge luminosity. A more recent derivation of the relation is given by
Tremaine et al. (2002):

log(MBH/Mg) = a + Blog(o«/00) (3.59)

with 3=4.0240.32 and 0=8.1340.06 for 0o=200 km s~! (see Fig. 3.12).
This is in good agreement to earlier results by Ferrarese & Merritt (2000)
and Gebhardt et al. (2000). The data suggests that most massive galaxies
host a massive black hole in their centers. Detailed studies on nearby galax-
ies like M31, M32 (Bender et al. 1996; Corbin et al. 2001), M33 (Gebhardt
et al. 2001), or galaxies with central minima in their stellar luminosity den-
sity (Lauer et al. 2002) show that the situation may be more complicated,
and that each system has to be looked at in more detail.

The determination of the stellar velocity dispersion in the bulge region
is very difficult. It relies on the precise determination of stellar absorption
line profiles in the bulk spectra along different lines of sight towards the
bulges. This requires very high signal to noise spectra. In general it also
requires some knowledge or assumptions on the stellar populations for the
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Fig. 3.12 Data presented by Tremaine et al. (2002) showing the correlation between
black hole mass and velocity dispersion for galactic nuclei, along with the best-fit corre-
lation (see equation in text). Mass measurements based on stellar kinematics are denoted
by circles, on gas kinematics by triangles, and on maser kinematics by asterisks. The
dashed lines show the 1o limits on the best-fit correlation. See Tremaine et al. (2002)
for a detailed discussion.

selection of the appropriate template spectra, which are needed for the
cross-correlation analysis of the velocity fields. Especially close to the most
luminous active nuclei which can be up to 100 times brighter than the
overall host galaxy this is a very challenging task. It is therefore difficult
to extend this fairly tight MBH-o, relationship to higher redshifts and it
is desirable to search for brighter tracers of the nuclear dynamics.

Nelson (2000a) uses the forbidden oxygen line [OIII} at 500.7 nm. He
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finds no difference between the MBH-0(o ;) masses and black hole masses
derived from reverberation mapping methods and proposes to use

as a surrogate for the stellar velocity dispersion ¢,. The usage of the
[OI11] line, however, raises many problems. It is almost certain that the
[OI1T] linewidth in many galactic muclei does not only trace the central
mass distribution. In many cases it is affected by nuclear outflows which
can give rise to so-called extended narrow line regions (e.g. Schmitt et al.
2003; Veilleux et al. 2003). The line, however, has the advantage of being a
bright (possible) tracer of the nuclear dynamics. It usually originates close
to the nuclei and is much easier observable at high redshifts than stellar
absorption lines. Future investigations have to show whether this or other
lines can in fact be used as reliable surrogates for .. A recent analysis by
Shields et al. (2003) which is based on the [OIII] line and compares black
hole masses that are derived from both the HG and the [OIII] line finds
that both estimates give comparable results in the redshift range 0<z<3.5.

It is not clear what the origin of the MBH-bulge mass correlation is.
The fact that luminous QSOs are observed at redshifts of z>6 suggests
that some 10°Mg, black holes must have existed already 10° years after the
big bang (see e.g. Becker ef al. 2001; Haiman & Loeb 2001). Most of the
bright QSOs, however, can be found between z=2 and 3 and probably go
through a significant accretion phase at these redshifts. Based on model
calculations Yu & Tremaine (2002) find that half the black hole mass is
likely to be accreted before z~1.8 and only 10% before z=3.0. Shields et al.
(2003) deduce from their result obtained from the H3 and the [OIII] lines
that black holes typically grow 'contemporaneously’ with their host galaxy
bulges or else both are already well formed by z~3. In summary these
results suggest that the MBH to bulge mass relation is obeyed at least by
massive QSOs even at times at which much of their accretion lies still in
their future.

A recent investigation by Bromm & Loeb (2003) shows how the massive
black holes may have formed out of the gas in the bulge environment. The
authors present calculations in which at least for metal-free dwarf galaxies
with a virial gas temperature of 10*°K and suppressed Hy formation due to
an intergalactic UV background the formation of black hole binaries with
masses of a few 10M, each may have occurred. In a dense stellar bulge
environment these binaries will subsequently result in black hole merg-
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ers of large masses (e.g. Portegies Zwart & McMillan 2000). The model
calculations by Bromm & Loeb (2003) result in morphologies of the gas
concentrations settling into the dark matter potentials at redshifts of z=10,
which are very similar to the lumpy appearance of the most distant galaxies
known to date (e.g. Conselice et al. 2003; Labbé et al. 2003).



This page intentionally left blank



Appendix A

Color Versions of Selected Figures

Fig. A.1 VLA image of the mini-spiral at a wavelength of 1.3 cm (Roberts & Goss
1993).
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Fig. A.2 M-band image of the central stellar cluster. The names of some individual
sources have been indicated (see Viehmann et al. 2005) .
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Fig. A.3  Orbit of the star S2. Green: positions measured with SHARP/NTT between
1992 and 2001, Blue: positions measured with NACO/VLT between 2002 and 2003.
The black crosses give the position of 82 at January 1 of 1992-2004. The black cross and
the 10 mas error circle at (0,0) indicate the nominal radio position of Sgr A*. The small
red circle inside the radio position uncertainty indicates the uncertainty of the position
of the focus of the orbit (see also Schédel et al. 2003; Eisenhauer et al. 2003b; Schodel
2004).
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Fig. A.4 Orbits of stars around Sgr A*. Lucy-Richardson deconvolved and beam-
restored high-resolution (FWHM~ 60 milli-arcseconds) near-infrared (2.2 pm) image of
the nuclear stellar cluster in the immediate environment of Sgr A*. The image was
obtained with CONICA/NAOS at the ESO VLT in June 2003. On this image Sgr A*
can be seen in its flaring state (see chapter 2.13.4) as a point source at the origin of
the coordinate system. The Keplerian orbits of six stars are over-plotted onto the image
(see also Schédel 2004). Arrows indicate the locations of the respective stars and their
directions of motion. North is up and east is to the left.
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Fig. A.5 Bow shock structures in the GC stellar cluster. Due to the interaction of
windy stars with the interstellar medium in the GC, numerous examples of bow shock
sources can be found in the central parsec. This Figure shows two exemplary shocks.
Left: IRS 1W at 2.2 pm (NACO/VLT May 2003; deconvolved and restored to 60 mas
FWHM); the area shown covers 1.6” x 1.6”. Right: bow shock north of IRS 9 (the bright
source in the center) at 3.8 ym (NACO/VLT August 2002); the area shown covers
327 x3ar.
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Fig. A.6 H-, K., and L'-band images of the IRS 13/IRS 2 region as shown by Eckart
et al. (2004b). The image scales of panels (a)-(d) are given in (d). Panel (d) is a high
pass filtered L-image which shows the locations of individual stars, including the newly
discovered L-band excess sources a through . Source x in panel (b) is located between ¢
and 8. Panel (e) is an overview of the region; the box indicates the area shown in panels
(a)-(d); slit locations for the spectra shown in Eckart ef al. (2004a) are also indicated.
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Fig. A.7 A detailed view of the IRS 13 and IRS 13N complexes with NAOS/CONICA
as shown by Eckart et al. (2004b). They are shown in the L-band, top images (a) and
(b), K-band, center images (c) and (d), H-band, bottom images (e) and (f). The images
(b), (d), and (f) are raw shift-and-add images of individual adaptive optics exposures.
The images (a), (c), and (e) are deconvolved images restored at the nominal angular
resolution of the AO system. The ring-like structures around bright sources are artifacts
of the deconvolution process. For clarity in the crowded field we show contours overlaid
with a color (grey-scale) version of the same image. The positions as well as magnitudes
and colors of individual sources are given in Table 2 in Eckart ef al. (2004a).
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Fig. A.8 HKL two-color diagram comparing the location of YSOs and Herbig Ae/Be
stars to objects in the GC cluster as shown by Eckart et al. (2004b).
group II Herbig Ae/Be stars are indicated. Dashed lines show the colors of a single
blackbody at different temperatures. A solid line in the lower left corner of the diagram
represents the colors of main-sequence stars Koornneef (1983). Extinction vectors for
visual extinctions of Ay =10 as well as Ay =30 are shown. The latter shift the location
of the L-band excess sources to the location of YSOs or the intermediate population “N”

H-K

and “E” sources introduced by Ishii ef al. (1998).

Group I and
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Fig. A.9 Size measurements of Sgr A* from VLBI at multiple wavelengths as shown by
Doeleman ef al. (2001). Green squares are minor-axis sizes and red circles are major-axis
sizes of best-fit elliptical models at wavelengths less than 3.5 mm from Lo et al. (1998).
Green and red solid lines are A? scattering relations given by Lo et al. (1998). Black
triangles show the sizes of circular Gaussian models fit to the 3.5 mm data of Doeleman
et al. (2001) and to 1.4 mm VLBI data (Krichbaum et al. 1998)). Hybrid ADAF model
sizes from Ozel et al. (2000) are added in quadrature to both the minor- and major-
axis scattering sizes and are shown as the green and red dotted lines, respectively. The
observed sizes predicted by the ADAF model exceed the 3.5 mm upper limit. See also
more recent data by Bower et al. (2004).
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Fig. A.10  Angular momenta as seen projected on the plane of the sky for late-type (left
panel) and early-type (right panel) stars within 10" of Sgr A* (Genzel et al. 2003b). The
early-type stars are found to be preferentially on clockwise (J. /J.(max) < 1) or counter-
clockwise (J:/J.(max) 2 —1) orbits while no such pattern can be found in the orbits

of the late-type stars. The two histograms at the bottom are integrated (along radius)
versions of the top panels.
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Fig. A.11 Enclosed mass vs. distance in the GC. Red filled circles are measurements
from gas dynamics (Guesten et al. 1987). Green crosses are results from Jeans mass
modeling of stellar proper motions and line-of-sight velocities by Genzel et al. (1997)
and Genzel et al. (1996). Blue open circles are Leonard-Merritt (LM) mass estimates
from Genzel et al. (2000). The violet up-pointing triangle is an LM estimate from
Schédel (2004). Blue open rectangels are masses from Kepler orbits from Schédel (2004)
and Eisenhauer et al. (2003b). The dark blue diamond is a Kepler orbit mass estiamte
from Ghez et al. (2003a). Various models for the enclosed are indicated (derived from
y2-fitting): the blue dash-dotted line is the mass of the large-scale isothermal stellar

cluster (p(r) = po[l + (5 _"_')2]-7(‘, with & = 1.98). The black straight line is this

cluster plus a point mass of 3.2 £0.2 x 105 Mg ; the best fitting model. The red dashed
line is the stellar cluster plus a hypothetical compact Plummer model cluster of dark

astrophysical objects (p(r) = po[l + (5 -:.-.o )2]?, with & = 5). The Plummer cluster
would be marginally consistent with the mass derived from the innermost orbit (S0-16,
see Ghez et al. 2003a). Such a cluster would have a lifetime of less than 10° years (see

section 3.4).
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Fig. A.12 A Plummer model fit to the surface density of stars as a function of distance
as given by Mouawad et al. (2004). The grey, filled circles represent the CONICA /NAOS
data for Ks<17. The darker, filled diamonds represent the SHARP/NTT data for stars
with Ks<15 (Genzel et al. 2000), scaled upward by a factor of 5 in order to match the
fainter CONICA /NAOS counts. The dashed and dotted curves represent the minimum
and maximum fit to the data, respectively. The thin straight curve represents the av-
erage fit. The dash-dotted curve shows the stellar density distribution expected for an

isothermal stellar cluster.
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Fig. A.13 Three exemplary orbits determined by Mouawad et al. (2004). Upper
left panel: Keplerian orbit with 3.65x10°Mg point mass. Upper middle panel, non-
Keplerian orbits with 4.1x105Mg, total mass, thereof 10% extended. Upper right panel:
non-Keplerian orbits with 4.8x10°M, total mass, thereof 25% extended. Here the cen-
tral mass is at the offset position, 0.082 mpc east and 0.112 mpc south from the nominal
radio position of Sgr A* (Schodel et al. 2003). The lower panels show the corresponding
velocities as a function of relative R.A, the relative Dec., and along the line-of-sight as
a function of time for the case of 4.1x10%Mg, total central mass with a 10% extended
component. The direction of Aa, the pericenter-shift, is shown by an arrow.
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Fig. A.14 Comparison between model calculations and the luminosity of Sgr A* mea-
sured at different wavelengths. See caption of Fig. 3.10 for more details. Black triangles
denote the average radio spectrum of Sgr A* and open grey circles mark various infrared
upper limits from literature — see Melia & Falcke (2001) and references therein. Open
red squares with crosses mark the de-reddened peak emission of NIR flares (Genzel et al.
2003a). Open blue circles mark the de-reddened H, K, and L luminosities of the quies-
cent state (Genzel et al. 2003a). The thick green solid curve is the jet-starved disk model
by Yuan et al. (2002). The red long dash-short dash curve, the black thin curve, and
the long-dash thick (grey) curve are RIAF models of the quiescent emission (Yuan et al.
2002, 2003). The short dashed thick (violet) lines show a typical result for a simple SSC
spectrum produced by given by Eckart et al. (2004a), who used the first simultaneous
NIR/X-ray measurement of a Sgr A* flare for this purpose.
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Table B.1 Bright sources at the Galactic Center.

Name | r(") Aa(’) ASC) | H K L M |H-K K-L L-M
IRS 16C 112 1.04 -042 [ 11.70 964 8.07 7.78 2.06 1.57 0.29
IRS 16NW | 117  -0.03  -1.17 | 11.66 9.8¢  8.38 8.24 1.82 1.46 0.14
IRS 16SW | 143  0.96 1.06 | 11.53 9.80  7.92 7.53 1.74 1.88 0.39
IRS 16CC 201 1.96 -0.42 | 1213 1019 850 7.92 1.94 1.69 0.57
IRS 16SWE | 2.16  1.75 1.26 | 13.45 10.67 7.70 7.12 2.78 2.97 0.57
IRS 29S 219 -1.99 -092 | 12.33 1034 9.81 >12.73 | 2.00 0.53 -3.92
IRS 29 219  -168  -141 | 1416 10.36  6.90 6.31 3.81 3.45 0.59
IRS 29NE 232 -1.07  -2.06 | 1461 11.57 891 8.53 3.04 2.66 0.38
IRS 16NE | 297 283  -091 | 1068 918 7.16 6.87 1.49 2.03 0.29
IRS 35 319  2.90 1.32 | 1455 11.80 8.63 9.00 2.75 3.17 -0.37
IRS 33SE 3.26  0.50 3.22 1}.97 9.95 817 8.03 2.02 1.78 0.13
IRS 33SW | 3.33 -0.52 329 | 12.73 10.69 861 8.65 2.05 2.08 -0.04
IRS 21 3.66  2.25 2.89 | 14.01 1041 6.29 5.47 3.61 4.12 0.82
IRS 13E 370 -3.35 158 | 1216 9.02  6.18 5.73 3.13 2.84 0.45
IRS 34 450 -4.18  -1.68 | 14.64 11.32 8.23 7.62 3.32 3.09 0.61
IRS 3 452 -2.41  -3.82 | 1498 1064 5.8 3.35 4.34 5.56 1.73
IRS 7SE 496 222  -443 | 1338 11.20 10.32  10.22 2.18 0.88 0.10
IRS 1W 528 526  -0.41 | 1173 890  4.92 4.02 2.83 3.98 0.90

For source identification see Fig. A.2.
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Table B.2 Bright sources at the Galactic Center.
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Name [ x(") Aol ASC) | H K L M |H-K K-L L-M
IRS 2L 5.34 -3.64 3.91 14.26 10.60 6.49 5.55 3.67 4.11 0.94
IRS 6E 5.39 -5.33 -0.84 12.57 9.58 6.34 5.71 3.00 3.24 0.62
IRS 20 543 -1.09 532 | 1254 1057 870 861 1.97 187 0.09
IRS 7 554 003 -5.54 | 10.32 877 448  4.30 1.56 428 018
IRS 28 612 392 470 | 1283 1018 7.92 753 2.65 226 038
IRS1SW | 633 633  -0.07 | 12.73 1043 7.33  6.54 2.30 310 079
IRS 1C 692 688  -0.690 | 12.62 1042 850 854 2.20 192 -0.04
IRSINE | 724 7.05 -1.64 | 1259 1028 852  8.72 2.31 176 -0.20
IRSISE | 7.51 7.48  0.68 | 1247 1048 878 >12.73 | 1.99 171 -4.95
IRS12N | 7.81  -355 696 | 1L.73 925 6.63  6.43 2.48 263 019
IRS INEE | 7.82 7.70 -1.36 12.76 10.56  9.23 9.57 2.19 1.34 -0.34
IRS 6W 8.06 -7.92 -1.52 12.33 10.19 7.83 6.84 2.14 2.36 0.98
RS 30E | 812 576 -572 | 13.12 1033 884 912 2.80 148 -0.28
IRS 10W 8.25 6.58 -4.98 12.95 9.86 6.25 5.02 3.09 3.61 1.23
IRS 14NE | 831 063 828 | 11.84 943 T7.71  7.87 2.41 172 016
IRS 9 859 550  6.60 | 11.78 941 6.8  6.90 2.38 252 -0.02
IRS 10E* | 875  7.77  -4.02 | 1362 9.76 595 520 3.86 3.81 0.75
IRS30W | 895 -657 -6.08 | 12.86 1021 876  8.87 2.65 145 012
IRS 14SW | 9.12 -0.50 9.11 11.83 9.56 8.23 8.54 2.27 1.33 -0.31
IRS 128 9.41 -3.74 8.63 12.07 10.03 8.31 8.91 2.04 1.73 -0.61
IRS10E | 953 870  -3.88 | 12.63 1050 8.84 892 2.13 165  -0.08
IRS145 | 954 046 953 | 13.02 1090 971  9.80 2.12 118 -0.08
AF/AHH [ 9.72 -6.85 6.90 12.46 10.43 8.70 8.10 2.03 1.72 3.60

For source identification see Fig. A.2.
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Appendix C

Useful Quantities

Table C.1 Important physical constants and units.

= 2.998x108 m s~

Speed of light C

Planck’s constant h = 6.626x1073 Js
Gravitational constant G = 6.67 x10~11 m3s~2kg~1
Boltzmann’s constant k = 138 x10728 JK—!
Electron mass Me = 9.11 x10~31 kg

Proton mass my, = 1.67 x10727 kg
Electron charge e = 1.60 x1071% A's
Stefan-Boltzmann constant o = 567 x1078 Wm—2 K4
Thomson cros section ot = 6.65 x10%9 m?

Energy flux density (Jansky) 1 Jy = 10726 Wm—2 Hz!
Astronomical unit 1 AU = 1.5 x10 m

Light year 1ly = 9.46 x10'® m

Parsec 1 pe = 3.09 x10% m
Kiloparsec 1 kpc = 103 pe

Milliparsec 1mpec = 1073 pe

Milliarcsecond 1mas = 1073 arcseconds

Solar luminosity Lo = 385102 W= 3.8510% ergs~!
Solar mass Mg = 1.989 103 kg

Solar radius Rg = 6.9599 103 m

241



242 The Black Hole at the Center of the Milky Way

Table C.2 Relations that are specific to the Galactic Center. They are given for a distance
to the Center of 8 kpc. *) For a definition of 6 see section 2.10.4. **) Uncertainty includes
uncertainty in distance Rg.

Distance to the Galactic Center Rp=(8+0.5) kpc = 26,100 ly = 2.5x10'7 km
Image scale 1 = 38.78 mpc = 7980 AU

1 mas = 1" x 1072
Velocity 1 km/s = 0.0263 mas/yr

1 mas/yr = 37.92 km/s
Acceleration a 1 mas/yr? = 1.22 x 1.22 10~% km/s?
Mass from projected acceleration* M cos?9 [106 Mg | = 13 a [mas/yr?] r2 []

M cos®6 [10® Mg | = a [mas/yr?] r2 [mpc]/116
Mass of Milky Way Black Hole** M = (3.6 + 0.6)x106 Mg

Schwarzschild radius Rg=2G M c 2 = 2.95x Mi@ km
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Table of Abbreviations

J-band

H-band
K-band
L-band

L’-band
M-band
N-band

3D

AL/

Ag

Ay

ADC
ADAF
ADIOS
ADONIS

1.10 - 1.30 pm wavelength range
1.45- 1.85 pm
1.90 - 2.40 pm
3.20 - 3.80 pm
3.48 - 4.08 pym
454 - 5.16 pm
7.90 - 13.1 pym

MPE imaging spectrometer

visual extinction

extinction in K-band

extinction at a given wavelength

Automatic Dispersion Corrector

Advection Dominated Accretion Flow
Advection Dominated Inflow Outflow Scenario
ESO AO system operated at the

3.6 m telescope on La Silla
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AGB Asymptotic Giant Branch

AGN Active Galactic Nucleus

ALADDIN Santa Barbara Research Center IR array detector
ALMA Atacama Large Millimeter Array

AMBER NIR focal instrument of the ESO VLTI
AST/RO Antarctic Submillimeter Telescope and
Remote Observatory

AT Auxiliary Telescopes (e.g. for ESO VLTI)
BH Black Hole

BIB Blocked Impurity Band detector

BLIP Background LImited Performance

CCD Charge Coupled Device

CDAF Convection Dominated Accretion Flow
CELT Caltech Extremely Large Telescope
CFHT Canada France Hawaii Telescope

Chandra US X-ray satellite (CHANDRA)
CONICA VLT Near-Infrared Imager and Spectrograph

CND Circum Nuclear Disk (Ring)
Dec declination
DLR Deutsche Luft und Raumfahrt Gesellschaft

EGRET Energetic Gamma Ray Experiment Telescope;
instrument flown on the European imaging
Compton Telescope (COMPTEL)

ELT Extremely Large Telescope
ESA Furopean Space Agency
ESO European Southern Observatory

FEurob0 European 50m diameter Telescope



FASTTRAC
FET

FIR

FOV
FWHM

GC

HIT
Hawali 2
HB

HKL
HOKUPA’A
HST

BD

IMBH

IMF
INTEGRAL
ISAAC

ISO

IR

IRTF

JCMT
JHK

KAO
Keck
KLF

LBT

LGS
LINC/NIRVANA
LLAGN

LR

Abbreviations 245

Steward Observatory rapid guiding unit
Field Effect Transistor

Far-infrared

Field of View

Full Width at Half Maximum

Galactic Center

region of ionized hydrogen
Rockwell Infrared array detector
Horizontal Branch region

in Hertzsprung-Russel Diagram
the NIR H-, K-, and L- band
CFHT adaptive optics instrument
Hubble Space Telescope

Iterative Blind Deconvolution

Intermediate Mass Black Hole

Initial Mass Function

International Gamma-Ray Astrophysics Laboratory
VLT Infrared Spectrometer And Array Camera
Infrared Space Observatory

Infrared

Infrared Telescope Facility, University of Hawaii

James Clark Maxwell Telescope
the NIR J-, H-, and K-band

Kuiper Airborme Observatory

W.M. Keck Observatory — two 10m diameter telescopes

K-band Luminosity Function

Large Binocular Telescope

LASER Guide Star

LBT Interferometric Camera plus MCAQO unit
Low Luminosity Active Galactic Nuclei

Lucy Richardson deconvolution
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magnitude  apparent brightness proportional to the negative
logarithm of the flux density S.
mi-mp=-2.5 log(S1/S2)

myg K-band magnitude
MBH massive Black Hole
MCAO Multi Conjugated Adaptive Optics
MIDI MID-infrared Instrument for the VLTI
M/L mass-to-light ratio
MOS Metal Oxide Semiconductor
MOSFET Metal Oxide Semiconductor Field Effect Transistor
MPE Max-Planck-Institute for Extraterrestrial

Physics (Garching)
MPIA Max-Planck-Institute for Astronomy (Heidelberg)
MPIfR Max-Planck-Institute for Radioastronomy (Bonn)
NAOS VLT Nasmyth Adaptive Optics System
NASA National Aeronautics and Space Administration
NGS Natural Guide Star

NICMOS Near Infrared Camera and Multi-Object Spectrometer
NICMOS 3 Rockwell 2562 pixel HgCdTe array

NIR near-infrared (1 pm - 2.4 pm wavelength)
NIRC Keck NIR Camera

NIRC-2 NIR camera for the second Keck telescope
NIRSCEP  Keck NIR spectrometer

NRAO National Radio Astronomy Observatory
NTF Non-Thermal filaments

NTT New Technology Telescope;

ESO 3.6 m telescope at La Silla Chile

OVRO Owens Valley Radio Observatory
OWL Overwhelmingly Large Telescope

PG QSO Palomar Green QSO

PRIMA NIR dual feel facility for the ESO VLTI
PSF Point Spread Function

PUEO CFHT adaptive optics instrument



QSO
QPO

RA
RC
RIAF

seeing

SIS

SKA
SED
Sgr A
Sgr A*

SHARCII
SHARP
SINFONI

SOFIA
SPIFFI
SPIFI
SSA
SSC
SSP
SWS

UucCB
UCLA
uT

Abbreviations 247

Quasi Stellar Object
Quasi-Periodic Oscillation

right ascension
Red Clump stars (region in HRD)
Radiatively Inefficient Accretion Flow

image quality through turbulent atmosphere
Superconductor-Insulator-Superconductor

diode or contact

Square Kilometer Array

Spectral Energy Distribution

Sagittarius A

{Sagittarius A star) compact radio source emitting
also in the NIR and X-ray domain — location of
the ~3.6x10°Mgblack hole at the

center of the Milky Way

Bolometric camera at the Caltech Submillimeter
Observatory

System for High Angular Resolution

MPE built NIR camera for speckle interferometry
MPE/ESO project: imaging spectrograph SPIFF1
plus ESO AO system operated at the VLT
Stratospheric Observatory for Infrared Astronomy
MPE built imaging spectrograph

Cornell Univ. Submm Fabry-Perot interferometer
Simple Shift and add Algorithm

Synchrotron Self-Compton

Single Stellar Population

Short Wavelength Spectrometer (ISO)

University of California Berkeley
University of California Los Angeles
Unit Telescope of the VLT
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VLA Very Large Array

VLBA Very Large Baseline Array

VLBI Very Large Baseline Interferometry

VLT Very Large Telescope — 4 ESO telescopes of 8.4m

diameter on Paranal, Chile

WES Wave Front Sensor used in AO instrumentation
WSA Weighted Shift and add Algorithm

XMM Newton European X-ray satellite

YSO Young Stellar Object
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acoustic waves, 211 NAOS/CONICA, 43, 50
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BIB, 13

BIMA, 6, 142, 153

binary black hole, 216

BLIP, 55

bolometer, 2, 8 9

Bondi-Hoyle, 203, 204, 206, 236
boson star, 178, 180, 216
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multi-particle simulations, 189 multiplexer, 13
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PSF fitting, 61 dynamical friction, 161, 187
ringing, 59
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gas
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interstellar clouds, 164
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molecular clouds, 163
180, 11, 12, 119
isoplanatic
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patch, 24, 46
isothermal

sphere, 198
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isotropy

of stellar velocity field, 183
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Jeans equation, 169
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Kepler frequency, 212, 213
Kepler’s laws, 108, 122
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Kerr metric, 211
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Kolmogorov spectrum, 27
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Lane-Emden equation, 178
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last stable orbit, 211, 214

LBT, 66, 191

Lense-Thirring precession, 191, 192,
211, 212
period of, 192

lifetime of dark cluster, 215

light crossing time, 210
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Lucy deconvolution, 29, 39

lunar occultation, 26, 82

M/L-ratio, 185
M31, 217, 218
M32, 217, 218
Ma33, 218
M87, 179, 217
magnetic
field, general, 129
field, northern arm, 100
field, Sgr A*, 209
reconnection, 208
main sequence stars, 174
marginally stable orbit, 210, 211
maser, 217
mass
black hole mass, 214
central mass density, 215
compact dark mass, 199
concentration of dark mass, 174,
178
density of dark mass, 199, 215
enclosed mass, 167, 171
estimate of mass densities, 168
extended mass, 190, 197
extended mass in cusp, 185
lower bound, 175
lower limit on dark mass density,
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mass density, 175
mass estimates, 167, 199
mass estimators, 168
mass models, 171
mass of stellar cluster, 171



278

point mass, 171

position of dark mass, 173

size constraints on dark mass, 217
stability of enclosed dark mass, 175

mass distribution
central dark mass, 114
compact mass, 108
enclosed mass, 110
gravitational center, 112
limit on enclosed mass, 112
mass segregation, 106
position of dark mass, 112, 118
uniform density sphere, 193
mass estimator
accelerations, 112, 114
Bahcall-Tremaine, 168
Jeans modeling, 114, 169
Leonard-Merritt, 110, 169
virial, 168
mass loss, 120
mass segregation, 161, 187, 190
mass-to-luminosity ratio, 185
Mauna Kea, 6, 8, 54, 77
MBH-bulge mass correlation, 220
MCAQO, 46, 70
merger
stellar merger, 187, 188
metalicity of stars, 120
micro-lensing, 149
microquasars, 213
mini-bosons, 180
mini-cavity, 166
mini-spiral, 76, 77, 164-166
bar, 166
dynamical time-scale, 166
gas streamers, 166
mini-cavity, 166
motion of gas streamers, 166
northern arm, 166
MIR, excess, 165
mm-VLBI, 205
molecular clouds, 163
MPE, 10, 11, 45, 106, 117
MPE/UCB FIR spectrometer, 10
MPIA, 45
MPIfR, 9
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NACO, 53, 84-86, 88, 89, 91, 96, 106,

107, 109, 110, 115-117, 127, 128,
130, 132, 134, 146, 147, 150, 152,
153, 191

NAOS/CONICA
CONICA see also NACO, 50

narrow line region, 220

NASA, 11, 12, 17, 72

nearby galaxies, 218

neutrino ball, 179, 180

neutrino mass, 179, 180

NGC 4258, 217

NIRC, 39, 41

NIRC2, 54, 126

noise bias correction, 32

northern arm, 100, 166
sources, 166

NTF, 79

NTT, 30, 3641, 64, 65, 82, 91, 96,
103, 106, 109, 115, 117, 120, 123,
145

nuclear dynamics, 220

nuclei of other galaxies, 215

number density counts, 88, 176, 197

Observational Techniques
FIR, 7
gamma-ray, 20
NIR/MIR, 12
optical, 16
radio, 2
X-ray, 17
OH/IR stars, 86
Omega lobe, 74
Oppenheimer-Volkoff limit, 179
orbital frequency, 211
orbits, 174, 189, 215
eccentricities, 191
inclination, 190
Keplerian, 185, 190, 196
non-Keplerian, 196, 197
orbital periods near Sgr A* 211
S1, 173
S2, 173, 175, 179, 185
outflows, 165, 220
Owens Valley, 6
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PACS, 12
Paranal, 15, 16, 53, 68, 106
PDR, 77
periastron shift, 185, 190, 194
Newtonian, 190, 193
prograde, 190, 191
relativistic, 190, 191
retrograde, 190
phase front retrieval, 31
pion, 205
Plummer model, 172, 183, 185, 197
198
point spread function
see also PSF, 57, 91
polarization, 100, 202, 209
filaments, 100
IRS 21, 165
stars, 100, 103
potential, 196
harmonic, 196
Keplerian, 186
power-law, 197
proper motion
of Sgr A*, 174
proper motions, 106, 108, 118
inner cluster, 108
outer cluster, 108
protostar, 165, 167
PSF, 21, 23, 25, 57, 91, 106, 109
PUEOQO, 54
pupil function, 27
pupil plane, 27, 28

k)

QPO, 213, 214

QS0, 218, 220

quasi-periodic oscillations
see also QPO, 213

quasi-periodicity, 211, 212

radiation
inverse Compton scattering, 205
synchrotron, 205
synchrotron self-Compton, 204
radiation field, 119
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Radio Arc, 11
radio filaments, 12, 79
red clump, 96-98, 185
redshift, 218
relativistic bulk motion, 208
relaxation time, 175, 183, 186, 187
reverberation mapping, 218
RIAF, 202, 203, 205-207, 209, 236
RIAF plus jet, 203, 206, 236
ROSAT, 17
rotation of stars
clockwise, 163, 186
counter-clockwise, 163, 164, 166,
186

scattering events, 196
Schottky mixer, 7
Schwarzschild radius, 175
SCUBA, 9
seeing, 23, 24
calibration, 32, 33, 37
cell, 23, 24, 43
cloud, 27, 28, 33, 38, 39
foot, 46
Fried diameter, 43
Seyfert galaxies, 218
Sgr A
large scale, 73
radio filaments, 79
Sgr A East, 18, 74
Sgr A West, 72, 76
Sgr A* 76, 82, 86, 87
7y ray, 21
acceleration flare, 208
accretion onto Sgr A*, 207, 212
accretion rate, 143
accretion rate onto Sgr A*, 202
bolometric luminosity, 202
brightness temperature, 141
discovery, 71
distance, 114, 128, 173
event horizon, 141
external Faraday screen, 143
FIR, 7
flare brightness, 153
flare emission, 199
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flare models, 207

flare position, 146

flares, 207209, 211-213
flaring state, 116

flux of quiescent state, 202
free-free absorption, 137
infrared, 202, 205, 209
infrared flux densities, 207
interstellar scattering, 137, 139
intrinsic size, 141, 143, 146
jet model, 203, 206, 236

low luminosity, 179, 201

lower bound on mass, 175
luminosity, 202, 207

mass accretion rate, 204

mass of Sgr A*, 214, 217
micro-lensing, 149

millimeter emission, 207
MIR/NIR, 12

monitoring, 145

name of, 72

NIR, 72, 207, 208

NIR flare, 146-148, 150, 153
NIR flare brightness, 148

NIR flare duration, 148

NIR flare position, 148

NIR flare rise times, 148

NIR flare statistics, 149-152
NIR flares, 210, 212, 214

NIR interim-quiescence, 153
NIR quasi-periodicity, 148
NIR quasi-quiescence, 147, 150, 153
NIR to X-ray spectral index, 208
NIR variability, 145, 150
optical, 16

orbital periods, 211
periodicity of NIR flares, 211
powerlaw variability, 149
proper motion of Sgr A*, 72, 174
quasi-periodic oscillations, 213
quasi-periodicity, 211, 212
quasi-quiescent emission, 199
quiescent emission, 205
quiescent NIR emission, 205
quiescent state, 207

quiescent X-ray emission, 205
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radiative efficiency, 203
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radio flare, 6, 141, 143

radio image, 140
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radio polarization, 141

radio position, 112, 114

radio quasi-periodicity, 141

radio size, 136, 137, 139

radio spectrum, 136, 138

radio variability, 138, 141

radio/FIR spectrum, 141

radio/mm bump, 141

rotation measure, 143

Sgr A* cluster, 174, 175, 183, 196,
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shadow, 215

shock flare, 208

simultaneous observations, 141,
152, 153

size, 205

specific luminosity, 202

spectral energy distribution (SED),
205

spectrum, 9, 21

spin, 210-212

strong flares, 150

sub-mm polarization, 202

submillimeter emission, 207

variability, 149

wind from Sgr A*, 204

X-ray, 20, 205, 207-209

X-ray counterpart, 143

X-ray flare, 143

X-ray flares, 212

X-ray luminosity, 143 -

X-ray quiescent state, 145

X-ray spectrum, 144

X-ray variability, 143

Sgr A* models
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simulations
multi-particle simulations, 189
N-body, 161
SINFONTI, 50
SIS mixer, 7
SKA, 7
SMA, 6
SOFIA, 7, 11
source counts, 181
sources
AF star, 118, 119
Arches cluster, 119, 129
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